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8. NOISE SOURCES 




8.1 FAN MOISE MODULE 


INTRODUCTION 

The Fan Noise Module predicts the broadband noise and pure tones for 
ai^ial flow compressor or fan. The laethod is based on the method devel- 
oped by M. F. Heidman (ref. 1). The method employs empirical functions to 
predict the sound spectra as a function of frequency and polar directivity 


The total fan noise is predicted by summing the noise from six sepa- 
rate components. The six component sources selected are inlet broadband 
noise, inlet rotor-stator interaction tones, inlet flow distortion tones, 
combination tone noise, discharge broadband noise, and discharge rotor- 
stator interaction tones. All noise sources are combined into a single 
i/3“Octave-“band spectrum for each directivity angle. 


The method requires input of several parameters. The fan entrance 
and exit flow parameters can be provided by the Fan Noise Parameters 
Module or directly by the user. Additional user-provided parameters are 
required. The module is executed once for each set of values of the input 
parameters. The output is a table of the mean-square acoustic pressure as 
a function of frequency, polar directivity angle, and azimuthal direc- 
tivity angle. Although fan noise is assumed not to vary with azimuthal 
irectivity angle, it is introduced so that the output table is compatible 
witn other noise tables. 


SYMBOLS 

inlet cross-sectional ^rea, (ft^) 
engine reference area, (ft^) 
exponents 

B number of rotor blades 

C mean rotor blade chord, m (ft) 

ambient speed of sound, m/s (ft/s) 

3 directivity function 

d fan rotor diameter, m (ft) 

F* pc’-'ar function 

f frequency, Hz 
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blade passing frequency, Hz 
constant matrix 
inlet guide vane index 
constant 

inlet flow distortion indices (eqs. <10) and (11)) 

fan rotor relative tip Mach number at design point 

design point Mach number index, max (1,M^) 

fan rotor relative tip Mach number 

fan rotor tip Mach number 

flow Mach ntunber 

aircraft Mach number 

mass flow rate, kg/s (slugs/s) 

rotational speed, Hz 

number of engines 

tone harmonic number 

2 4 

mean-square acoustic pressure, re 

reference pressure, 2 10 ^ Pa (4.177 10 Ib/ft ) 

distance from source to observer, m (ft) 

dimensionless distance from source to observer, re 

tone spectrum function 

rotor-stator spacing, n (ft) 

total temperature rise across fan, K 

ambient temperature, K 

number of stator vanes 

cut-off factor 

frequency parameter 

polar directivity angle, deg 
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H acoustic power/ re p c^A 

00 00 

^ref reference power, 1 x lo"^^ „ {7.376 x io ~13 ft-lb/s) 

P„ ambient density, kg/m^ (Ib/ft^) 

4 > azimuthal directivity angle, deg 

Superscript: 

* dimensionless quantity 


INPUT 

The fan parameters are required from either the output of the Fan 
Noise Parameters Module or the user. Ambient conditions are required for 
computation of sound pressure levels. The frequency, polar directivity 
angle, and azimuthal directivity arrays establish the independent variable 
values for the output table. The fan inlet cross-sectional area, number 
of rotor blades, number of stator vanes, inlet guide vane index, inlet 
flow distortion index, fan rotor diameter, fan rotor tip relative Mach 
number at design point, and rotor-stator spacing are required for the geo- 
metric description of the fan. Finally, the engine reference area, number 
of engines, and distance to the observer are required. The range and 
default values of the input parameters are given in table I. 

engine reference area, (ft^) 

number of engines 

distance from source to observer, m (ft) 


Fan Geome try 

fan inlet cross-sectional area, re 
number of rotor blades 
fan rotor diameter, re IK 
inlet guide vane index 

fan rotor relative tip Mach number at design ooint 
inlet flow distortion index 
rotor-stator spacing, re C 
number of stator vanes 
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Fan Noise Parameters 


mass flow rate^ re 

rotational speed, re c^/d 

total temperature rise across fan, re T 


c 


ao 


M 

ao 


Poo 


0 


Ambient Conditions 
ambient speed of sound, m/s (ft/s) 
aircraft Mach number 
ambient density, kg/m^ (slugs/ft ) 

Independent Variable Arrays 

frequency, Hz 

polar directivity angle, deg 
azimuthal directivity angle, deg 


OUTPUT 


The output of this inodule is a table of the mean-square acoustic 

^ ^ 1 j ^ ■; ir-« janrrl £1 - and azi 


pressure as a function of frequency 


polar directivity angle, and azi- 


;mthal directivity angle. In addition, the pseudo-observer distance 
is provided for the Propagation Module. 

r distance from nozzle exit to pseudo-observer, m (ft) 


Fan Noise Table . 

f frequency, Hz 

a polar directivity angle, deg 

azimuthal directivity angle, deg 

2 - 

<p2(f ,9,4))^* mean-square acoustic pressure, re o^c 


METHOD 

The prediction methodology presented in reference 1 is used to com- 
pute the ?ar-field noise. A schematic of a typical fan is sh^ in 
figu-e 1. The coordinate system and directivity angles are al^ showm 
^he general approach for the prediction method is presented. Then, the 
StaUed prediction for each fan noise component is discussed. 
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The equation for the far- field mean-square acoustic pressure for a 
fan is 


<p^>‘ - , I 

47T(r*) (1 - M cos 0) 

S oo 

In equation (1) , II* is the overall power, D is the directivity func- 
tion, and S is the spectrum function. The source to observer dis- 
tance rg is expressed in dimensionless form as 


- -JK 


The forward velocity effect is accounted for by the Doppler factor, 
(1 - cos 0)^- The frequency parauneter r) is defined as 


n = (1 - cos 0)— 


where the blade passing frequency f. is 




The acoustic power h for the fan is expressed as 


u* = K G(i, j) '■’m‘^(iii*/A*) (AT*)^ ) 

m r m 


Equation (5) contains several empirical constants and the empirical power 
function F. The constant K is different for each noise component. The 
constant G depends on the noise component and the indices i and j 
defined as 


(Fan with no inlet guide vanes) 


(Fan with inlet guide vanes) 


(5 > 1.05) 


(a < 1.05) 
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The fundamental tone cut-off factor 6 is defined as 



where the fan rotor tip Mach number is 


( 8 ) 


(9) 

If > 1.05, then 6 = The fundcunental tone cut-off occurs when the 

value of 5 is less than 1.05. The cut-off factor determines the range 
of the tip Mach number where the fundamental blade passing frequency 
dominates . 

The rotor-stator spacing exponent a(k,£) depends on the noise 
component and the indices k and ^ defined as 


k = 



and 



a* i 1) 

(s* > 1) 


( 10 ) 


(No inlet flow distortion) 


(Inlet flow distortion) 


( 11 ) 


Inlet flow distortion tends to reduce rotor-stator spacing effects. 
Inlet flow distortion is assumed to occur during static and ground roll 
operations . 


The design point Mach number index is defined as 


= max (1,M^) 


( 12 ) 


where is the design value of the relative tip Mach number. The 

exponent b in equation (5) gives the effect of on each fan noise 

component . 

The final empirical quantity in equation (5) is the power func- 
tion r. The power function depends on the fan noise source and is, in 
general, i function of the relative tip Mach number M^ and the design 
point Mach number index. The relative tip Mach number is defined as 
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T 


1 


where the tip Mach number is defined by equation (9) and the axial 

flow Mach number is equal to m*/A* since the inlet static density 

and speed of sound can be assumed equal to the ambient values. 

As indicated by equation (1), each fan noise source has its own 
directivity function D and spectrum function S, Using these functions 
and the acoustic power, the mean-square acoustic pressure is computed as 
a function of frequency and polar directivity angle for a given set of 
input parameters. The broadband noise is expressed as 1/ 3-octave- band 
data. The pure tones are values at discrete frequencies. The pure tones 
must be added to the appropriate 1/3-octave band so that a total 
1/3-octave-band fan noise spectrum is determined. For a given value of 
the 1/ 3-octave- band center frequency parameter n the lowest harmonic 
number that falls within that band is 


= [ l 0“^/20 q ] + 1 


(14) 


and the highest harmonic number is 


= [10^/20 


(15) 


where [ ] indicates the integer part of the enclosed real number. If 
" -u' is "o -one within the band. If n, 1 ri , then there 

^ 2 > -^^nes within the band. The pure tone mean— square ores— 

sures for each harmonic number n are then added to the appropriate band. 
The tones are propagated to the observer as 1/3-octave-band data. 

The empirical constants and functions used to compute the acoustic 
power for tne six fan noise components are summarized in table II. The 
directivity and spectrum functions are summarized in tables III and IV, 
respectively. Each fan noise component is discussed in detail as 
follows . 


Inlet Broadband Noise 

Inlet broadband noise is associated with random unsteadiness or 
v-urbulence in the flow passing the blading. Some of the sources of this 
random unsteady :low are turbulence in boundary layers, blade wakes and 
vortices, and the inlet flow. Although predictions of the individual 
sources of broadband noise are beyond the scope of this module, the total 
broadband noise radiated from the inlet is predicted. 

The acoustic power due to broadband noise from the inlet is 


= (1.552 < 10“*^) is* 


CvT*)2 F(m^) 


(16) 
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( 17 ) 


where the constant a(k,£) is 


a(k,£) 


~0.5 0 . 5 ' 

0.5 0 


The exponent a defined by equation (17) accounts for the fact that the 
acoustic power varies inversely with the rotor-stator spacing except where 
inlet flow distortion effects dominate rotor-stator spacing effects at 
s >1. Tr.e power function F is 


F = 



(M^ ^ 0.9) 
(.Mj. >0.9) 


(18) 


which is plotted in figure 2- 


The mean-square acoustic pressure due to inlet broadband noise is 
computed from equation (1). The directivity function D is given in 
table III and plotted in figure 3. The spectral function 3 is given by 


0.116 exp ( -O.sj^ ” 


-.2 


In a 


(19) 


wnere a is the geometric mean deviation and is equal to 2.2. Equa 
tion (19) is plotted in figure 4. 


Inlet Rotor-Stator Interaction Tones 

Discrete tone generation is associated with lift fluctuations on 
rotor or stator blades. Interaction tones are ge.nerated by rotor blades 
intersecting t.he wakes from preceding statrr vanes or inlet guide vanes 
or by rotating wakes from a rotor impinging on stator vanes. The tones 
are propagated from t’-.e blades as spinning duct modes. So attempt is 
3ade to determine the specific characteristics of each propagated mode, 
only tne average far- field characteristics are predicted. 

The acoustic power due to inlet rotor-stator interaction tones is 


- (2.683 X 10"*) D(i, t) (s*)"^ (m*/A*) (iT*)2 F (> 




(20) 
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where the constants are 


and 


G(i,j) = 


1 O.580Tj 

0.625 O. 205 J 


a(k,£) = 


~i r 

_1 0 _ 


(21) 


( 22 ) 


The constants in the matrix G account for the effect of inl^t guide 
vanes and fundamental tone cut-off. The exponent on the rotor-stator 
spacing accounts for the inverse variation of the acoustic power except 
when inlet flow distortion effects dominate at s* > 1. The power 
function F is 


F 


0.397M 


-2.31 


m 


( 2-053M-2-3V 


0.315M^'^\“® 
m r 


(M^ < 0.72) 

(0.72 < < 0 . 866 M°-'*^^) 

(o.866M°‘‘*^^ < » ) 
\ m r/ 


which is plotted in figure 5. 

The mean-square acoustic pressure due to inlet rotor-stator inter- 
action tones is computed from equation (1). The directivity function D 
IS given in table III and plotted in figure 6. The spectral function S 
IS a discrete function given by 


S(n) = ^ S(n,i,j) ^24 

n=njj 

where n^ and n^ are the lower and upper values of the harmonic number 
associated with the 1/3-octave band with a center frequency parameter 
value of n. For n = 1, 


S(l,i,j) 


0.499 

0.799 


0.136 

0.387 


(25j 
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'ind for n > i, 


0.250 


X ]^Q“0-3(n-2) 


where i and j are defined by equations (6) and (7), respectively. The 
function S(n) is plotted in figures 7 to 10 prior to being converted to 
1/3-octavo-band data. 


Inlet Flow Distortion Tones 

Inlet flow distortion has an effect on broadband noise and rotor* 
stator interaction tones. In addition^ inlet flow distortion can generate 
unsteady lift on the blades which produces additioi;al pure tone noise. 

The average properties of the far- field noise are predicted. 

acoustic ^xDwer duo to inlot flow distortion tones is 


n* = (1.488 X 10'‘’)(3*) (m*/A*) (AT*)‘ (27) 


•her.! a(k,i) and are defined by equations (22) and (21), 

rospectivoly , and the jK)wor function F is plotted in fiquro 5. 

..lo moan- .souaro acoustic pressure duo to inlot flow distortion tones 
1 - conputed from equation (1). The directivity function D is the sant' 
as fer tno inlet rotor-stator interaction tones as given in table ITT and 
plotted in figure 6. The spectral function S is given by 


S(p) = 9 \ 10“ 


w'uch IS piottetl in figure 11 prior to beina converted to 1/3-octave-band 
data . 


Combination Tone Noise 


When tile relative bf^-ed of the rotor blade tips exceeds a Mach number 
\aluo or *, i»iiocK waves are rormed at the leading edge of each rotor blade. 
*.iese (r^.iock waves propagate tnrougn the engine inlet as a series of .Mach 
waves. The resulting spectrum contains harmonics of the shaft speed 
instead of the blade passing frequency. The resultant noise is not purely 
tonal but extends in a frequency interval on either side of the harmonic 
rrequenev. This combination tone noise is often re:t>rrcd to as "’buzz-saw** 
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The acoustic power due to combination tone noise is 


n* » K G(i, j) (ii*/A*) (AT*)^ F(M^) 


The acoustic power for three harmonics of the shaft rotational speed are 
computed. They are expressed as fractions of the fundamental tone of the 
blade passing frequency. The constants K for each harmoiiic are 
6.225 10 for the 1/0 fundamental combination tone^ 2.030 ^ 10*^ for 

the 1/4 fundamental combination tone, and 2.525 ^ 10"^ for the 1/2 funda- 
mental combination tone. The constant G<i,j) is given by 


G(i,j) = 


.316 0.316 


This accotjnts for the fact that inlet guide vanes inhibit the propagation 
of combi'-.4tion tones through the inlet. The power function F is given 
bv 


< 10 


-6.75M.61-Mj.) 


^^-l.:i(M^- 1 . 61 ; 


(M_ < 1) 


(1 ^ i 1.61) 


(1.61 < M, 


tov the 1/S fundamental combination tone. 


r(M,, = i 

j^-1.33(Mr-1.322) 


- 1) 


(1 1 i 1..322) 


(1.322 < M, 


r'or r.h<? 1/4 fundamoiital combination tone, and 


F(M_) »< 


^,o-i.41(m,-i.: 


(Xr 1 ) 


<1 2 Mj. 2 1.146) 


(1.146 < M, ) 
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for the 1/2 fundamental combination tone. The power function is plotted 
in figure 12. 

The mean-square acoustic pressure is computed separately for each 
combination tone by equation (1) • Then# the three harmonics are suMied to 
yield the 1/ 3-octave -band spectrum due to combination tone noise. The 
directivity function D is the same for all three harmonics and is given 
in table III and plotted in figure 13. The spectrum function S is given 
by 


S(n) = 


0.405(8n)' 


0.405(8n)‘ 


(n - 0.125) 


(n > 0,125) 


for the 1/8 fundamental combination tone. 


S<n) = 


0.520(4n)' 


0.520(40)' 


(0 - 0.25) 


(n > 0.25) 


for the 1/4 fundamental comL-ination tone# and 


s(n) = 


0. 332(20) 


0.332(20; 


(0 0.5) 


(0 > 0.5) 


for the 1/2 fundamental combination tone. The spectrum functions for 
combination tone noise are ^-'lotted in figure 14. 


Discharge Broadband Noise 

The discharge broadband noise is created by the same aechanisms as 
the inlet* broadband noise. The acoustic power of the discharge broadband 
noise is 

r>* = (3.206 X 10-“) G(i, j) F(M^) (37) 


where a(k,i) is the same as for inlet broadband noise given by equa- 
tion (17) and G(i j) is 


G(i.j) = 


1 1 


2 2 
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The factor G shows that the presence of inlet guide vanes doubles the 
acoustic power of the discharge broadband noise. The power function F 
is given by 


F(M^) = 



(M^ i 1.0) 

(My > 1.0) 


(39) 


and is plotted in figure 15. 


The mean-square acoustic pressure due to discharge broadband noise 
is computed from equation (1). The directivity function D is given in 
table III and is plotted in figure 16. The spectrum function S is the 
same as the inlet broadband noise spectrum as given in equation (19) and 
plotted in figure 4. 


Discharge Rotor-Stator Interaction Tones 

The discharge rotor-stator interaction tones are created by the same 
mechanisms as the inlet rotor-stator interaction tones. The acoustic 
power of the discharge rotor-stator interaction tones is 

n* = (2.643 X lO"^) G(i, j) (s*)"^^’'‘^^M^(m*/A*) (AT*)*" F(M^) (40) 

Tne matrix a(k,S.) is t-^ie same as for inlet rotor-stator tones given by 
equation (21) and the raatrix G(i,j) is 

1 0.580" 

G(i,j) = (41) 

_2.50 0.820 


which gives the effect of inlet guide vanes and fundamental tone cut-off. 
The power function F is the same as the discharge broadband noise as 
given in equation (39) and plotted in figure 15- 

The mean-square acoustic pressure due to discharge rotor-stator 
interaction tones is computed from equation (1). The directivity func- 
tion 0 is given in table lit and plotted in figure 17. The spectrum 
function S is the same as the inlet rotor-stator interaction tones as 
given in equations (24) to (26) and plotted in figures 7 to 10. 
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Output Computation 

The 1/ 3-octave- band mean- square acoustic pressure for a fan is the 
sum of the mean-square pressures from the six fan noise components. The 
user has the option of deleting one or more of the noise source compo- 
nents if desired. 

The mean-square acoustic pressure is computed for each desired value 
of the frequency, polar directivity angle, and azimuthal directivity 
angle. The total noise is the mean- square acoustic pressure multiplied 
the number of engines for the output table. In addition, printed 

output is available of the sound pressure level SPL defined as 


SPL = 10 log^Q <p^>* + 20 logj^Q ^ 


(42) 


and the power level PWL defined as 


3 * 

p C A A 

PWL = 10 log^Q n + 10 logj^j, 

ref 


(43) 


REFERENCE 

I. Heivimann, M. F. : Interim Prediction .Method for Fan and Compressor 

Source Noise. NASA TM X-71763, 1975. 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Minimum 

De fault 

Maximum 

Ag, 

0.01 

TT/4 

10 

«e 

1 

1 

4 

^ 

0.01 

K 

100 

A* 

0.1 

1 

10 

B 

2 

20 

100 

d* 

0.3 

1.128 

4 

i 

1 

1 

2 



0.5 

1.0 

2.0 

4. 

1 

1 

2 

* 




s 

0.2 

1 

10 

•'7 

10 

50 

20C 

• * 




ni 

0 

0.2 

10 

M 

oo 

0 

0 

0.9 

N* 

0 

0.3 

0.5 

* 




IT 

0 

0.2 

1.3 

m/s 

200 

340.294 

400 

kq/m^ 

0.2 

1.225 

1.5 
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TAUI.E II.- CONSTANTS ANU FUNCTIONS FOR FAN ACOUSTIC POWER 




TABLE II.- Concluded 
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TABMO in.- DIKECTIVITY LEVELS FOR FAN NOISE 




0 

O' 

VI 

<0 

Discrete tone 
directivity 
level , 
logic D 

<n«ncvjcsiiH#-««HOOooooooooCY 

1 1 1 1 I t • 1 1 1 III* 

0 

01 

a 

Broadband 
directivity 
level , 

|wcaflu^o^r-io<no^m^^€Nj«^»riOin 

iNjlMr^«H»^0000000000«-»»^ 

I 1 1 1 1 1 1 1 1 1 1 1 1 1 


Combination tone 
directivity 
level, 
logic D 

<540000000000000000^ 

Inlet 

Discrete tone 
directivity 
level , 

log^o ^ 

S52325SS5SSSSSSS3S? 

^J<;o-o.3iooo^f~~7-T2 


Broadband 
directivity 
level, 
lo^lO ^ 

*##•••••••••••••••* 

cooooooooo^^Y7TTTT'V 


o ^ 
o ^ 

oooooocooooooooooco 
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TABLE IV -- SPECTRUM FUNCTIONS FOR FAN NOISE 
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Figure 7.- Sf^octrum level for inlet and discharge rotor-stator interaction tones with 
fundamental mode cut-off for fan without inlet guide vanes. 
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Figure 9.- Spectrum level for inlet and discharge rotor-stator interaction tones 
with fundamental mode cut-off for fan with inlet guide vanes. 
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Figure 
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Kiyuro 13.- Directivity level for combination tone noise. 
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I'ujuro 15.- Power level for discharge broadband noise and 
discharge rotor-stator interaction tones. 
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8.2 COMBUSTION NOISE MODUI-E 


INTRCCUCTION 

The combustion Noise Module predicts the noise from 
bustors installed in gas turbine engines. The method is based on a pro 
ipp^ndix by R. I Matta to SAE ARP 876. 
iirical data of core noise from turboshaft, ^urbODet, ^ 
engines to produce sound spectra as a function of frequency and polar 

directivity angle. 

The method requires input of several parameters. The combustor 
entra^e and exitXw parameters can be :,^;!;rrired 

parameters are re<juire . ^ a ^ 4 >;ahiA of the mean-square 

^lues of the input parameters. The output is “ 3 " 

acoustic pressure as a function of frequency, polar directiv -y g , 

and azimuthal directivity angle. Although combustion 

not to vary with azimuthal directivity angle, it is introduced . 

the output table is compatible with other noise tables- 


A 

^e 

^oc 

D 

f 


N 

<p2>* 


?ref 


SYMBOLS 

combustor entrance area# (ft, ) 

^ 2 

engine reference area, m** (ft ) 
ambient speed of sound, m/s (ft/s) 


directivity function 
frequency , Hz 

spectrum peak frequency , Hz 

aircraft Mach number 

mass flow rate, )cg/s (slugs/s) 


number of engines 

mean- square acoustic pressure, 

reference pressxire, 2 ^ 10 ^ Pa 

2 

total pressure, Pa (Ib/ft ) 
cunbient pressure, Pa (Ib/ft^) 


^2 4 
re pc 

00 oc 

(4.177 X 10 


-7 


Ib/ft^) 
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r distance from source to observer, m (ft) 

s 

J-* dimensionless distance from source to observer, re 

s 

S spectral distribution function 

T total temperature, K (^R) 

At. design turbine temperature extraction, K (^R) 

aes 

T ambient temperature, K (^R) 

CO 

0 polar directivity angle, deg 
acoustic power, re 

reference power, 1 ^ 10 W (7.376 ^ 10 ft*lb/s) 
p ambient density, kg/m^ (slugs/ft^) 

OO 

(P azimuthal directivity angle, deg 

Subscripts: 

1 entrance 

j exit 

Superscript : 

* dimensionless quantity 


INPUT 

The combustor entrance and exit parameters are required from either 
the output of the Core Noise Parameters Module or from the user. Ambient 
conditions are required for computation of the sound pressure levels. 

The frequency, polar directivity angle, and azimuthal directivity angle 
arrays establish the independent variable values for the output table. 
Finally, the engine reference area, number of engines, combustor entrance 
area, and distance to observer are required. The range and default 
values of the input parameters are given in table I. 


Input Constants 

A* combustor entrance area, re A^ 

A engine reference area, (ft^) 

e 

N number of engines 

r distance from source to observer, m (ft) 
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Core Noise Parameters 


m combustor entrance mass flow rate, rc o c A 

4 OD e 

m 

combustor entrance total pressure, 
combustor entrance total temperature# re 
T'j combustor exit total temperature, re 

<iesign turbine temperature extraction# re 

Ambient Conditions 
ambient speed of sound, m/s (ft/s) 
aircraft Mach number 
ambient density, kg/m^ (sluqs/ft^) 

Indi>f>ondent Variable Arrays 

f frequency, Hz 

|x>lar directivity angle, dog 
acimuttial directivity angle, dog 


OUTPUT 

The output of this module is a table of the mean-sguart> acoustic 
pressure as a function of frequency, polar directivity angle, and azi- 
muthal directivity angle. In addition, the observer distance r. is 
provided for the Pro|Vigation Modulo, 

4*^ distance from source to observer, m (ft) 

Combustor Noise Table 

f frequency, Hz 

polar directivity angle, deg 
azimuthal directivity angle# deg 
\V (t, mea/i-square acoustic pressure, re p'^c 


s .:-3 



METHOD 


The prediction methodology proposed by R. K. Hatta is used to compute 
the combustor noise. Details of the development and validation of the 
method are given in reference 1. A schematic of a typical combustor is 
shown in figure 1. The coordinate system and directivity angles are also 
shown. 

The equation for the far- field mean-square acoustic pressure in a 
1/3-octave band for a gas turbine combustor is 


✓ 2\* n A D(6) S(f) 

V.P / = J 7 

4n (r*) (1 - cos 0) 

S oo 


( 1 ) 


The dimensionless source to observer distance 


is defined as 


r 



(2) 


*nie acoustic power H* is related to the combustor entrance and exit 
states as 


ii 


(S.85 ^ 



) “ (At 


-A 


( 3 ) 


The aircraft Mach number term in equation (1) accounts for forward flight 
effects. 


TVo empirical functions are required for equation (1) . The direc- 
tivity function D is a function of the polat directivity angle 0 and 
IS given in table II and plotted in figure 2. The spectrum function S 
IS a function of and is given in table III and plotted in 

figure 3. The peak frequency is given by 


400 

"P * 1 - M cos 


(4) 


The mean-square pressure now computed from equation (1). 

The total noise is the mean-square pressure multiplied by the number of 
engines N. The output of this module is a table of the mean-square 
acoustic pressure as a function of frequency* polar directivity angle* 
and azimuthal directivity angle. In addition* printed output is available 
of the sound pressure level 3PL defined as 


3PL ^ 10 log^^<p**> 20 logj^Q ^ — 

^rof 


( 5 ) 
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And the power level PWL defined as 


PWL = 10 log^^ n* > 10 logj^, 

ref 


( 6 ; 


REFERENCE 

a“a™ 37efr ' OTIC „ 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parauneter 

Minimum 

Default 

Maximum 

A* 

0.01 

1 

10 

Ag , 

0.01 

tt/4 

10 

N 

1 

1 

4 



0.01 



■ * 

m. ... 

I 

0 

0.2 

10 

M 

CD 

0 

0 

0.9 



1 1 

1 

30.0 

T* 

1 

1 

1 

5.0 

T* 

] 

1 

2 

6.0 

-^T* 

des 

0 

0.5 

2.0 

c^, m/s 

200 

340.294 


0 , kg/m^ 

0.2 

1.225 

1.5 


8.2-6 





8 . 2-7 


6.20 
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8.3 TURBINE NOISE MCXXJLE 


INTRODUCTION 

The Turbine Noise Module predicts the broadband noise and pure tones 
for an ^ucial flow turbine. The method is based on a method developed by 
the General Electric Company (ref. 1) . The method employs empirical 
functions to produce sound spectra as a function of frequency and polar 
directivity angle. Each spectrum is the sum of a broadband noise compo- 
nent and a pure tone component. 

The method requires input of several parameters. The txirbine 
entrance and exit flow parameters can be provided by the Turbine Noise 
Parameters Module or directly by the user. Additional user^provided 
par^UDeters are required. The module is executed once for each set of 
values of the input parameters. We output is a table of the mean'-square 
acoustic pressure as a function of frequency, polar directivity angle, 
and azimuthal directivity angle. Although turbine noise is assumed not 
to vary with azimuthal directivity angle, it is introduced so that the 
output table is compatible with other noise tables. 


SYMBOI^ 

A turbine inlet cross-sectional area, m^ (ft^) 

Ag engine reference area, m (ft ) 

a,b components 

B number of rotor blades 

ambient speed of sound, ai/s (ft/s) 

D directivity function 

d turbine rotor diameter, m (ft) 

f frequency, Hz 

f^ blade passing frequency, Hz 

5 fuel-to-air ratio 

h* specific enthalpy, re RT^ 

absolute humidity, percent mole fraction 
K constant 
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a 

5 


<? 2 > 

^ref 


Z 

S 

T 


■‘ref 


aircraft Mach number 
rotational speed, Hz 
number of engines 
tone harmonic number 

uiean-nquare acoustic pressure, re p^c^ 

OO OD 

reference pressure, 2 x lo"^ (4.177 x lo~^ Ib/ft^) 

distance from source to observer, m (ft) 

dimensionless distance from source to observer, re 

gas constant, a^/(K-s^) (ftV (°R~s2) ) 

spectrum function 

temperature, K (*^R) 

blade tip speed, m/s (ft/s) 

frequency parameter 

polar directivity angle, deg 

acoustic power, re p c^A 

OO 00 

reference power, 1 x lo"^^ W (7.376 x ft-lb/s) 

ambient density, kg/m^ (slugs/ft^) 


^ azimuthal directivity angle, deg 

Siibscripts ; 
i entrance 

j exit 

s static 

t total 

^ ambient 

Surerscript: 

* dimensionless ouantitv 
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INPUT 


The turbine parameters are required from either the output of the 
Turbine Noise Parameters Hodule or from the user. Ambient conditions are 
required for computation of sound pressure levels. The frequency, polar 
directivity anqle, and azimuthal directivity arrays establish the inde- 
pendent variable values for the output table. The turbine inlet cross- 
sectional area and number of rotor blades are required for the geometric 
description of the turbine. Finally, the engine reference area, number 
of engines, and distance to the observer are required. The range and 
default values of the input parameters are given in table I- 


Input Constants 

engine reference area, m (ft^) 
number of engines 

distance from source to observer, m (ft) 
Turbine Geometry 

turbine inlet cross-sectional area, re 
number of rotor blades 
turbine rotor diameter, re 


Turbine Noise Parameters 


fuel-to-air ratio 


rotational speed, re c /d 


entrance total temperature, re T 


exit static temperature, re T 


Ambient Conditions 


ambient speed of sound, m/s (ft/s) 
absolute humidity, percent mole fraction 
aircraft Mach number 
ambient density, kg/m? (slugs/ft^) 
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Independent V 2 uriable Arrays 

f frequency, Hz 

9 polar directivity angle, deg 

(p azimuthal directivity angle, deg 


OUTPUT 

The output to this module is a table of the mean— square acoustic 
pressure as a function of frequency, polar directivity angle, and azi- 
fijuthal directivity angle. In addition, the observer distance rg is 
provided for the Propagation Module. 

tg distance from source to observer, m (ft) 

Turbine Noise Table 

f frequency, Hz 

9 polar directivity angle, deg 

0 azimuthal directivity angle, deg 

<p2 (f ,©,({)) > mean-square acoustic pressure, re p^c^ 

00 00 


METHOD 

The prediction method presented in reference 1 is used to compute 
the far- field noise. A schematic of a typical turbine is shown in fig- 
ure 1. The coordinate system and directivity angles are also shown. The 
general equations for the prediction method are presented. This presen- 
tation is followed by a detailed discussion of the method for each 
turbine noise component. 

The equation for the far- field mean— square acoustic pressure for a 
turbine is 


<d2>* ^ n*A* D(9) i;(n) 

4TT(r*)^ (1 - M cos 9)^ 

S » 


( 1 ) 


In equation (1), 1* is the overall power, D is the directivity func- 
tion, and S is the spectrum function. The source to observer distance 
is expressed in dimensionless form as 


r 



( 2 ) 
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The forward velocity effect is accounted for by the Doppler factor 
(1 - M cos 0)^. The frequency parameter n is defined as 


(1 - M„ 


COS 


( 3 ) 


where the bl 3 do p3ssin<j froc|uency is 


N*Bc 

oo 

The acou^stic power for the turbine U* is expressed as 


(4) 


n* 


Pt.i " j 


t,i 



(5) 


The constants K, a, and b are determined from empirical 

particular noise source being considered. The f 

* And the exit specific static 


entrance spf'cific total enthalpy ^t#i 


enthalpv h' is the ideal work extraction of the turbine. Each spe- 
cific enthalw is computed from the input 
ratio 


.V and' the absolute humidity h, with the appropriate I'.as 


Proiwrties Utility. The rotor tip ntx?cd 
rot.itional speed and is given by 


U. 


is a function of the 


11 ^ IN 

T 


;6) 


A< indic.ited by equation (1). each turbine noise source has its own 
.ii recti vitv function D and spectrum function S. By using these func- 
tions and the acoustic r-^wor. the mean-square acoustic 
puted as a function of frequency and polar directivity 

•,et of input parameters. The broadband noise is expressed as 1/3 octave 
band data. The pure tones are values at discrete 

tones must bo added to the appropriate 1/3-occave band .so that a to.a 

1 , 3 -octave-band turbine noise spectrum is determined. For a 

of the 1 / 3-octavo-band center frequency parameter n. the lowest harmoni. 

number that falls within the band is 


n. » [ 10"^ h] + 1 
ank^ tho highest hannonic number is 


! 10 


1/20 


(7) 


(S) 
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whore [ ] indicates the intoqer part of the enclosed real nuciber. 


ly, then there are no tones within the band. If n« i n 


If 


ly, then there 


"t 

are n„ - n^ ♦ 1 tones within the band. TJie pure tone »can-square pres- 

then added to the appropriate band. 
The tones are propagated to the observer as 1/3-octave-band data. 

The empirical constants and functions used to compute the acoustic 
ix>wor for turbine noise are given in table II. The directivity and sixic- 
trum functions are given in tables III and IV, respectively. Each turbine 
noise comjxinont is described in detail in tlie following two sections 


Turbine Broadband Noise 

Turbine broadband noise is associated with random unsteadiness or 
turbulence in the flow ivissing the blading. Some of the sources of this 
random, unsteady flow arc turbulence in boundsry layers, blade wakes and 
vortices, and entrance flow. Although prediction of individual .sources 
of bro.idband noise is beyond the scov>_* of this module, the total broad- 
band noise produced by the turbine is predicted 


T!i 


e .icoustic ixiwer due to broadband noi.se from the turbine is 



(s. r>8‘> 


ae directivity function D is given in table III and plotted in fig- 
iiie The spectrum funct ion S is aiven in table IV and plotted in 

.laure 3. Th.- mean-sguare acoustic pressure is then computed bv 
t ion { I ) . 


Tiirbx no Puro Tone Noi.se 

Oii;oroto tone iTonoration is vissociatod with lift fluctuations on 
rotor or stator blades. These tones occur at frequencies that are 
larmonics of the turbine blade passinq frequenev. The avoraq-* far- 
tiold characteristics are predicted. 

The acoustic pv3w,'r duo to turbin*' pure tone noise is 

/u* _ V * \1.46 


( 9 ) 


=» u.ibj 


s. ^ 




( 10 ) 


r . i 





Tlie 

ure 


vU 

4. 


rectivity function D 
The spectrum function 


is given in table 
S is given by 


III and plotted in fig- 


S » 0.6838 V iQ*<n-l)/2 


( 11 ) 


which is plotted in figure 5. 
computed by equation ( 1 ). 


The moan-square acoustic 


pressure 


is then 


two com^x^no^ts turbxno is the sum of -^e 

iv>lar airoctivitv angle" airt-irluth^^ri' '‘‘-^Nuenev. 

the output table. in addition ^ oumN'r of oncines 


SPL = 10 log^ ,|<p-> . .0 f£^ 

•»r.J the ixiwer l.-vel pwL defined as 


rot 


H2) 


rwL » 10 log 


10 


+ 10 log 


0 c^A*A 


10 


ret 


, i.n 


l. Matta, S. K.: .Sandusky, d. r. ; and Hoyle, V i • *f t- 

I:>vestigation - Low Em-.sion K:u,i„os 
(A^taUable from OTIC as AD A04«"g^)‘ 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 
paramo tor 

Minimum 

Default 

Maximum 

A , m“ 

e 

0.01 

n/4 

10 

No 

1 

1 

4 

*■ 3 ' ™ 

0.01 

K 

100 

A* 

0.1 

1 

10 

B 

2 

20 

500 

d* 

0.01 

1 

100 

M 

•••••••• 

0 

0 

0.0 

n 

0 

0 

0.06767 

N* 

0 

0.3 

0.5 

T* 

t , 1 

0.5 

3 

6 

T* 

# .1 

0.5 

2 

4 

C , 

200 

340.294 

AOO 

' 

0 

0 

4 

, ka 

.v' ^ 

0 . J 

1.225 

1.5 


TABU-: II.- CONSTANTS FOR TURBINE .ACOUSTIC POWER 


Source 

K 

a 

b 

Broa^lband 

S , 5 

10-5 


— 

Pure tone 

1 . 162 ^ 

lO"* 




I 


0.3-B 















TABLE III.- TURBINE NOISE DIRECTIVITY LEVELS 


0. 

deg 

Broadband 
directivity 
level , 
1 o9iq D 

Tone 

directivity 
level , 
Io9l0 D 

0 . 

- 0.789 

- 1.911 

10 « 

- 0.689 

- 1.671 

20 * 

- 0.599 

- 1.471 

30 . 

- 0.509 

- 1.261 

40 * 

- 0.409 

- 1.061 

90 « 

- 0.319 

- 0.851 

60 * 

- 0.219 

- 0.641 

70 , 

- 0.129 

- 0,431 

80 . 

- 0.029 

- 0.231 

90 . 

0.071 

- 0.021 

100 . 

0.151 

0.189 

110 . 

0.221 

0.389 

120 . 

0.231 

0.589 

130 . 

0.211 

0.259 

140 . 

0.111 

- 0.191 

150 , 

- 0.029 

- 0.591 

160 . 

- 0.229 

- 0.931 

170 . 

- 0.549 

- 1.271 

180 . 

- 0.869 

- 1.611 


TABLE IV.- TURBINE BROADBAND NOI.RE SPECTRUM 


logi^, ’1 


- 0.903 

- 1.884 

- 0,796 

- 1.604 

I - 0.699 

- 1.444 

- 0.602 

- 1.304 

- 0.502 

- 1.184 

! - 0.398 

- 1.084 

- 0.301 

- 1.004 

- 0.201 

- 0.924 

- 0.097 

- 0.844 

0.000 

- 0.784 

0.097 

- 1.004 

0.204 

- 1.204 

0.301 

- 1.384 

0.602 

- 1.924 


B. 3--? 
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8.4 SINGLE STREAM CIRCULAR JET NOISE MODULE 


k 


INTRODUCTION 

The Single Stream Circular Jet Noise Module predicts the single 
stream jet mixing noise from shock-free circular nozzles. The method is 
based on SAE ARP 876 (ref. 1). The method employs empirical data tabu- 
lated in terms of relevant dimensionless groups to produce sound spectra 
as a function of frequency and polar directivity angle. 

The method requires input of several parameters. The nozzle exit 
flow parameters can be provided by the Jet Noise Parameters Module or 
directly by the user. Additional user-provided paraoneters are required. 
The module is executed once for each set of values of the input param- 
eters. The output is a table of the mean-square acoustic pressure as a 
function of frequency, polar directivity angle, and azimuthal directivity 
angle. Although jet exhaust noise is assumed not to vary with azimuthal 
directivity angle, it is introduced so that the output table is compatible 
with other noise t^bles- 


SYMBOLS 

engine reference area, m (ft ) 
fully expanded jet area, (ft^) 
ambient speed of sound, m/s (ft/s) 
directivity function 
fully expanded jet diameter, m (ft) 
spectral distribution factor 
frequency , Hz 
Helmholtz number, f 
aircraft Mach number 
forward velocity iniex 
N number of engines 

? power deviation factor 

mean- square acoustic pressure, re 

<30 00 
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^ ref 


T 

oo 

J 

5 

0 

5 

n* 

n 


ref 


reference pressure, 2 ^ 10 ^ Pa (4.177 ^ 10 ^ Ib/ft ) 

distcuice from nozzle exit to observer, m (ft) 

dimensionless distance from nozzle exit to observer, re 

corrected Strouhal number, fdj/^j 

jet total temperature, K (^R) 

ambient temperature, K (^R) 

exhaust jet velocity, m/s (ft/s) 

angle between flight vector and engine inlet axis, deg 
polar directivity angle, deg 
Strouhal number correction factor 
acoustic power, re 

reference power, 1 ^ 10 W (7,376 x 10 ft-lb/s) 
jet density, kg/m^ (slugs/ft^) 


p ambient density, kg/m^ (slugs/ft^) 

00 

0 azimuthal directivity angle, deg 

^ density exponent 

Superscript: 

* dimensionless quantity 


INPUT 

The jet parameters are required from either the output of the Jet 
Noise Paraiaeters Module or the user. AcbienL conditions are required for 
computation of the Strouhal number and sound pressure levels. The fre- 
quence/, polar directivity angle, and azimuthal directivity angle arrays 
establish the independent variable values for the output table. Finally, 
the engine reference area, number of engines, engine axis offset, and 
distance to the p.-eudo-observer are required. The range and default 
values of the in^ut parameters are given in table I. 


Input Constants 


engine re 


ference aurea, (ft^) 


N 


number of engines 
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distance from nozzle exit to pseudo-observer, m (ft) 

<5 angle between flight vector and engine inlet axis, deg 

Jet Noise Parameters 

area of jet, re A 

e 

r* 

3 €t total temperature, re T 

^ CO 

'j let velocity, re c^ 

jet denr.ity, re o 
^ 00 


Ambient Conditions 

speed of sound, m/s (ft/s) 

^ij^craft Mach number 
density, kg/m^ (slugs/ft^) 


Independent Variable Arrays 

frequency, Hz 

polar directivity angle, deg 
azimuthal directivity angle, deg 


a w A 


a nodule is a table of the mean-square pressure as 

tiCi--\nair directivity angle, and azimuthal direc- 

cho r, 1 , p„,ia.a for 

distance from nozzle exit to pseudo-observer, <n (ft) 


Single Stream Circular Jet Noise Table 
^ frecu^ncv, Hz 

polar directivity angle, deg 

2 azimuthal directivity angle, deg 

/ 2 - 

'■P (f,7,5)> mean-square acoustic pressure, re 

ao 00 
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METHOD 


The prediction methodology presented in reference 1 is used to com- 
pute the far- field noise. A schematic of a typical exhaust jet nozzle is 
shovm in figure 1. The coordinate system and directivity angles are also 
shown. Whenever empirical functions require extrapolation, the last value 
is used, except for spectra which are linearly extrapolated. 

The equation for the far- field mean-square acoustic pressure in a 
1/3-octave band for a stationary jet is 


^ * n*A* 

<p2>* = 1 


, D(0,vr) F(S^,9,V* T^) 


( 1 ) 


In equation (1), II* is the overall power, D is the directivity func- 
tion, and F is the spectral distribution function- Each of these 
functions is discussed separately- The observer distance r^ is 
expressed in dimensionless form as 


* 




( 2 ) 


The acoustic power is given by 

n* = (6.67 X 10"^) (P*)‘^(V*)®P(V‘) (3) 

Q 

which is a variation of the classic V law. Two empirical functions are 
required for equation (3). The density exponent u) is a function of 
iogio Vj and is given in table II and plotted in figure 2. The power 

deviation factor P is the deviation of the acoustic power from the 
law. It is expressed as a function of table III and 

plotted in figure 3. 

The normalized directivity function D of equation (1) is an 
empirical function of the polar directivity angle 9 and velocity 
ratio It expresses the variation of the mean-square pressure 

with 9 and is normalized such that 


i I D(9,V*) sin 0 d5 = 1 


(4) 


The directivity function for a single stream circular jet is given in 
table IV and plotted in figure 4- 

The normalized spectral distribution factor F is an empirical func- 
tion of corrected Strouhal number ^c' directivity angle 9, 

velocity ratio ^j' temperature ratio T*. The corrected 

Strouhal number is defined as 
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( 5 ) 


f*d* 



where the jet diameter 


is 





(6) 


and C is the Strouhal number correction factor- The Strouhal number 
correction factor is an empirical function of the velocity ratio 




and the polar directivity angle 9 as shown in table V and 

figure 5. The normalized spectral distribution factor F is defined 
such that the summation over 1/3-octave-band Strouhal numbers is 


^ F(S^,9,V*,T^) = 1 (7) 


and is given in table VI and plotted in figure 6. 

Equation (1) is valid for a stationary j ?t (M^ =0). To incorporate 
forward flight effects, equation (1) should be rewritten as 



n*A* 


D(9,V*) F(S^,9,V*,T*) 
1 - cos (6 - 5) 



( 8 ) 


The exponent m(6) is the forward velocity index given in tcd^le VII and 
figure 7 as taken from reference 2, and 5 is the angle between the 
flight vector and the engine inlet axis. In addition, the relative jet 
velocity must be taken into account by com.puting the corrected Strouhal 
number as 


S 


c 


f* 






M ) 


■X 


(9) 


The mean-square acoustic pressure can be computed for each desired 
value of the frequency, polar directivity angle, and azimuthal directivity 
angle. The total noise is the mean-square acoustic pressure multiplied by 
the number of engines N for the output table. In addition, printed 
output IS available of the mean-square pressure ^ sound pressure 

level SPL defined as 
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( 10 ) 


SPL = 10 


logio <P^>* + 10 


2 
P c 

00 oo 



amd the power level PWL defined as 


PWL = 10 log^o ^ ” 10 log^Q 


ref 

p C^A^A 
^00 oo 3 ® 


( 11 ) 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Minimum 

Default 

-Maximum 

Ag, 

0.01 

V4 

10 

N ... 

1 

1 

4 

1 ^ 3 / m 

0.01 

IK 

100 

5 , deg 

0 

0 

30 

A* .... 

3 

0.0001 

1 

10 

J 

0.7 

1 

4 



1 

0 

1.0 

2.5 

Hoo 

^ ♦ 

0 

0 

0.9 

: 

0.2 

1.0 

1.2 

Vs 

200 

340.294 

400 

icq/m^ 

0.2 

1.225 

1.5 
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TABLE II.- DENSITY EXPONENT U) 



0 ) 

-•^50 

- 1.000 

-.^00 

-.900 

-.350 

-.760 

-.300 

-.580 

-.250 

-.^10 

-.200 

-.220 

-.150 

0.000 

-.100 

.220 

-.050 

.500 

0.000 

.770 

.050 

1.070 

.100 

1.390 

.150 

1.740 

.200 

1.950 

.250 

2.000 


TABLE III.- POWER DEVIATION LEVEL 
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TABLE IV.- POLAR DIRECTIVITY LEVEL 


1 


ooooooooooooooooooo 


c 



o 



o 
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Polar Directivity Angle, 6 , degrees 

Fiqure 4.- Continued. 
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b'ic;ure 6.- Normalized spectral distribution level. 
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Figure 6.* Continued. 
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Specfrol Di«1ribution Level. 10 log,, F Spectrol Dist’a>ution Levd. 10 log,, F 



(d) T./T = 2 . 0 ; loq,» V./c = 0.150. 
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j Figure 6,- Continued. 
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Figure 6.- Continued, 


8.4-54 


- 2.0 


-1.5 -1.0 -.5 0 .5 1.0 1.5 2.0 

Corracted Strouhal Numbar, log,o 

(j) Tj/T^ = 2.5; log^Q V./c^ = 0.20C. 

Figure 6.- Continued. 
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Figure 6.- Continued. 
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(p) T./T^ - 3.0; 109,0 V./c, = 0.200. 

Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure 6.- Concluded. 
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8-5 CIRCULAR JET SHOCK CELL NOISE MODULE 


INTRODUCTION 

The Circular Jet Shock Cell Noise Module predicts the broadband 
shock-associated noise from a single convergent nozzle operating at super- 
critical pressure ratios- The method is based on the proposed Appendix C 
by H- K. Tanna to SAE ARP 876. The method employs master spectra func- 
tions and a shock cell interference fxinction to produce sound spectra as 
a function of frequency and polar directivity angle. 

The method requires input of several parameters. The jet noise 
parameters can be provided by the Jet Noise Parameters Module or directly 
by the user- Additional user-provided parameters are required. The 
module is executed once for each set of values of the input parameters. 

The output is a table of the mean— square acoustic pressure as a function 
of frequency# polar directivity angle# and azimuthal directivity angle . 
Although jet shock cell noise is assumed not to vary with azimuthal 
directivity angle, it is introduced so that the output table is com- 
patible with other noise tables - 


b 

C 



H 



M 

30 



p 


ref 


SYMBOLS 

engine reference area, (ft ) 

2 2 

jet nozzle reference area, (ft^) 

proportional bandwidth constant 

correlation coefficient spectrum 

cinbient speed of sound, m/s {ft/s) 

frequency, Hz 

Helmholtz number, ^ 

group source strength spectrum 

jet Mach number 

aircraft Mach number 

number of engines 

niunber of shocks 

2 4 

mean- square acoustic pressure, re 

reference pressure, 2 10 ^ Pa (4.177 10 ^ Ib/ft^) 
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distance from nozzle exit to observer, m (ft) 

* 

r 

s 

dimensionless distance from nozzle exit to observer, re 

T. 

J 

jet total temperature, K (^R) 

T 

ao 

ambient temperature, K (®R) 

V. 

3 

fully expanded jet velocity, m/s (ft/s) 

W 

shock cell interference function 

3 

pressure ratio par 2 uneter, - ij 

5 

angle between flight vector and engine inlet axis, deg 

n 

exponent 

e 

polar directivity angle, deg 


ambient density, kg/m^ (slugs/ft^) 

a 

frequency parameter, 7.806(1 - M cos 0),/^f* 

OO w i 


azimuthal directivity angle, deg 

Superscript: 

* 

dimensionless quantity 


INPUT 

The jet noise parameters are required from either the Jet Noise 
arameters Module or the user. Ambient conditions are required for 
^putation of the frequency parameter and sound pressure levels. The 
frequency, polar directivity angle, and azimuthal directivity angle 
arrays establish the independent variable values for the output table 
reference area, number of engines, engine offset 
angle, and distance to observer are required. The range and default 
values of the input parameters are given in table I 


Input Constants 

^e 

engine reference area, (ft^) 


number of engines 

^s 

number of shocks 

''s 

distance from nozzle exit to observer, m (ft) 


Jet ftoise Parameters 

A* 

3 

area of :;et, re 

M 

] 

fully expanded ]et Mach number 
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T. 

2 


jet total temperature, re 
V* fully expanded jet velocity, re 

Ambient Conditions 
ambient speed of sound, m/s (ft/s) 

M aircraft Mach number 

OO 

ambient density, kg/m^ (slugs/ft^) 

Independent Variable Arrays 

f frequency, Hz 

0 polar directivity £mgle, deg 

P azimuthal directivity angle, deg 

OUTPUT 

The output of this module is a table of the mean-square acoustic 
pressure as a function of frequency, polar directivity angle, and azi- 
muthal directivity angle- In addition, the obser^/er distance r^ is 
provided for the Propagation Module - 

Tg distance from nozzle to observer, m (ft) 

Circular Jet Shock Cell Noise Table 
f frequency, Hz 

‘ polar directivity angle, deg 

t azimuthal directivity angle, deg 

^p^(f,9,f)^ mean-square acoustic pressure, 

METHOD 

The prediction nethodclogy proposed by H- K. Tanna is used to com- 
pute the shock cell noise. Details of the development and validation of 
the method are given in references 1 and 2. A schematic of a typical 
exhaust ;}et nozzle is shovm in figure 1. coordinate system and 

directivity angles are also shown. The total jet noise will be the sum 
of the shock cell and ]et mixing noise. 


.2 4 
re 0 c 

■y> JO 
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The normalized 1/3-octave-band mean-sqixare pressure for shock 
associated noise is given by 


A . 


<p^>* = (1.920 X 10"^) i 


[l + w(a,9,v*)l 

*■ 6 H(0) 


4TT(rp jl - cos (0 - 6)J 


The dimensionless source to observer distance r* is defined as 

s 


( 1 ) 




( 2 ) 


and the frequency parameter a is 

a = 7.80S(1 - M cos 0) f* 
^ \ J 


(3) 


The pressure ratio parameter 6 is defined as 

a/2 




(4) 


and is a measure of the relative shock strength- The pressure ratio 
parameter 3 must be greater than 0 for shock cell noise to occur. The 
exponent of the pressure ratio parameter n depends on the jet Mach 
number and the 3 et total temperature Tj as 



''1 

(Unheated 

jet 

(T^ < 

1.1) 

with 

a 

> 

1) 


n = 1 

2 

(Heated 

jet 

(T* - 

1-1) 

with 

a 

> 

1) 

(5) 

i 

<4 



(All 

jets 

with 

6 

< 

1) 



The shock cell interference function W is a function of the fre- 
quency parameter 0, polar directivity angle S, and velocity ratio 
and is expressed as 


N3-1 


Ng- (k+1) 


A I 2 


k=l 


m=0 


sin (boq^/2) 


bCa, 


km 


cos (6) 


^km ~ ^ ” 0.06^m + - — ^ O-TVj cos 0) 

Vj L J 


(7) 
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4 ncl b ■ 0.23077. The two nuster spoctr«*t, the correlation coefficient 
spectrum C of equation (6) and tho group source strongtii spectrum of 
ix|uation (I), virc given in tables IT and III and plotted in figures 2 
and 3, respectively. For an unheated jot, tho value of H should bo 
2 dB loss than the tabulated value. Tho shock coll inter foronco func- 
tion W is plotted in figure 4 for a value of ■ ft. Once tho moan- 
square pressure has been computed by equation (1), it is multiplied by 
the number of engines to produce tho total shock cell noise. 

Tho output of this modulo Is a table of the moan- square acoustic 
pressure ^p-^ as a function of frequency, jxjlar directivity angle, and 
asimutlial directivity angle. In addition, printed output is available of 
the sound press\iro level SPL ile fined as 


SPL - 10 log^Q <p*> ^ 20 log^Q 


(ft) 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Maximum 

Default 

Maximum 



0.01 

^/4 

10 
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N 
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S 

10 

* • 

0.01 


100 

'S 

0.0001 

1 

10 

M 

0 

0 

0 . 9 

^ 

0 

1.414 

2.0 



0.7 

1 

6 



0 

1 

3.5 

6 , <1eq 

0 

0 

30 

m/3 

I 200 

340.294 

400 

0^, 

0.2 

1.225 
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COKW:iATIC)H CObTKICIFNT SPECTWIM TABLE III.- GROUP SOURCE STRENGTH SPECTRUM 
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Figure 4.- Continue* 
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Figure 4.- Continued 
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Figure 4.- Continued 



8.6 STONE JET NOISE MODULE 


INTRODUCTION 

The Stone Jet Noise Module predicts the far- field mean- square 
acoustic pressiire for single stream and coaxial circular jets. Included 
in the prediction are both jet mixing noise and shock-turbulence inter- 
action noise. The method used is that developed by J . R. Stone as pre- 
sented in references 1 and 2. For coaxial nozzles, the method is limited 
to jets whose core jet velocity is greater than the secondary jet velocity. 
Further, only the core jet velocity may be supersonic. 

The method requires input of several parameters. The nozzle exit 
flow parame* rs can be provided by the Jet Noise Parameters Module or 
directly bv the user. Additional user-provided parameters are required. 

The module is executed once for each set of values of the input param- 
eters. The output is a table of the mean-square acoustic pressure as a 
function of frequency, polar directivity angle, and azimuthal directivity 
angle. Jet exhaust noise is assumed independent of the azimuthal direc- 
tivity angle; however, the prediction is tabulated as a (constant) func- 
tion azimuthal angle so that the output table is compatible with other 
noise tables. 


o 


'"'n 

j 

^ * 




SYMBOLS 
y * 2 

engine reference area, (ft ) 

2 2 

fully expanded jet area, m (ft ) 
ambient speed of sound, m/s (ft/s) 
directivity function for ^et mixing noise 
directivity function for shock noise 
equivalent di 2 uneter, m (ft) 
hydraulic diameter, m (ft) 
jet diameter, m (ft) 
plug diameter, m (ft) 

spectral distribution factor for jet nixing noise 
soectral distribution factor for shock noise 
f requency , Hz 
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<p2>* 


frequency shift parameter 

configuration factor for mean-square pressure for coaxial nozzle 
configuration factor for mean-square pressure for plug nozzle 
configuration factor for Strouhal number for coaxial nozzle 
configuration factor for Strouhal number for plug nozzle 
forward flight effects factor 
Mach number 
aircraft Mach number 
exponent 

number of engines 

2 4 

mean-square acoustic pressure, re p c 

TO OO 


<P^(>/a", 90^)>* mean- square acoustic pressure at the reference 

« _ 2 4 

distance JA^ at 0 = 90^, re o c 

V e 00 OO 

p^^^ reference pressure, 2 x 10“^ Ta (4.177 x lo"^ Ib/ft^) 

ratio of hydraulic diameter to equivalent diameter 

r^ distance from source to observer, m (ft) 

Sjjj Strouhal number for jet mixing noise 

S, Strouhal number for jet shock cell noise 

T fully expanded jet temperature, K (^R) 

ambient temperature, K (^R) 

V fully expanded jet velocity, m/s (ft/s) 

/ 2 \l/2 

c pressure ratio parameter, - IJ 

c angle between flight vector and engine inlet axis, deg 

c polar directivity angle, deg 

r* modified directivity angle, (vj)^’^0, deg 

Mach angle, deg 

fully expanded jet density, kg/m^ (slugs/ft^) 
ambient density, kg/m^ (slugs/ft^) 
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JJ W' 




u> 


azimuthal directivity angle, deg 
density exponent 


(jj stationary jet density exponent 

o 

Subscripts: 

1 primary stream 

2 secondary stream 
Superscript: 

* dimensionless value 


INPUT 

The jet parameters are required from either the output of the Jet 
Noise Parameters Module or the user. Ambient conditions are require . 
The frequency, polar directivity angle, and azimuthal directivity ang 
arrays establish the independent variable values for the 
Finally, the engine reference area, number of engines, engine axis 
and distance to the pseudo-observer are required. The range and default 
values of the input parameters are given in table I. 

Input Constants 

engine reference area, m (ft ) 
number of engines 

r distance from nozzle exit to pseudo-observer, m (ft) 

s 

5 angle between flight vector and engine inlet axis, deg 

Jet Noise Parameters 

Primary Stream 

a' primary fully expanded jet area, re 

j • 1 




e,l 

a 


actual primary stream equivalent diameier, re 
actual primary stream hydraulic diameter, 
primary stream Mach number 
primary stream total temperature, re 
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''l* 

primary .stream jot voiocity, re 

‘''l 

primary stream jet density, ro 

Secondary 

S t roam 

■']o 

secondary fully o:<pandod jot area, ro 

»2 

secondary .stream Mach numbe^r 


secondary stream total teni|x:raturo, ro T 


CD 

v: 

secondary stream jot velocity, re c 

• 

secondary stream jet density, re 


Ambient Conditions 


ambient sound sjvod, m/s (ft/s) 


aircraft Mach number 


amb.iont density, (sluqs/ft^) 


Indt'pendent Variable Arrays 

f 

trt'vjuency, \\z 


ix^lar dirt'ctivity anqle, doq 


azimuthal directivity anqlc, doi^ 


ourrirr 

•rlu‘ output of t’ur. nx^.iulo tablo of tho t.van-squaro acoustic 

prcssui-o as a function of fr.-qu.ncy, txilar .Urcctivity anolo. and azi 
muthal directivity anolo. In addition tlio pseudo-obsorvor distance 
IS provided for the Propaoation Modulo. 


r,. 

dir; ranee from ih>z 

zle t'xit to pseuvio-obsorvor 


s tone * 

s Method vTct Noise Tablo 

f 

frequence, Hz 


a 

jv'ilar diri'ctivity 

anule, deq 

s 

azimuthal vii recti' 

vity anqle, deq 

<p-U-.l 

**^)y mean- square 

j 

acoustic pressure, re 
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METHOD 


The prediction method developed in references 1 and 2 is used to 
compute the mean- square acoustic pressure in the far field. The method 
uses empirically determined functions to provide the directivity and 
spectral content of the field with the computed overall mean-square 

acoustic pressure at 0 » 90^, ' used to fix the amplitude 

throughout the field. 

This module can be used to predict the noise for several exhaust 
nozzle types including both subsonic and supersonic single stream circular 
nozzles r both with and without plugs, and coaxial jets. 

The prediction schemes for all nozzle types are developed from two 
basic equations, one each for jet mixing noise and shock- turbulence inter- 
action noise, each of which is empirically determined. Furthermore, con- 
figuration factors are used to adjust the levels predicted for single 
stream circular nozzles to those for single stream plug nozzles or 
coaxial nozzles. Illustrations of these various configurations, also 
showing the coordinate axis and directivity angles, are provided in 
figure 1. 


Jet Mixing Noise 


The equation used to calculate the jet mixing noise at a distance r^ 
from the nozzle exit is 


<P^(r3,0)> 



1 + (0.124VJ)^ 


(1 + 0.62V* cos 0)^ + (0.124Vp^ 


m mm moo iii cp 


il) 


In this equation is the mean-square acoustic pressure for 

a stationary jet calculated at the reference distance from the 

nozzle exit at 0 = 90°, r* is the dimensionless distance from the 
nozzle exit referred to ^ spectral distribution 

function, '’’l* forward flight effects factor, G^. 

and G are configuration factors, and D^(e’) provides directivity 
information. Each of these factors is now considered in detail. 

The mean-square acoustic pressure at the reference distance and 
= 90°, ^ cal< ulated through use of the following 

equation: 
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<pHK>9oo)y - 

[l + (0.124Vp^J 

Here, is the fully expanded jet area, p* and V* are the fully 

expanded jet density and velocity, respectively, with all three quanti- 
ties evaluated for the primary stream, and nondimensionalized by A^, 
p^, and c^, respectively. The density exponent is an empirically 

determined function of V* given by 

2(VJ)^-^ - 0.6 

3.5 (3) 

(Vj) + 0.6 

The factor ^ is a function of the modified directivity angle 

9 - 9(v^)^-i and the jet mixing noise Strouhal number Sj^ calculated by 

cos (9 - 5)-| ^^^^0.4a^cos 9') 

' — 

- «co/Vl) 


[l + 0.62(V* - M^) cos Sj ^ + [o.l24(V* - 
(1 + 0.62V* cos 0)^ + (0.124Vp^ 


In this equation f is the Helmholtz number given as 


f* 

c 


^oo the aircraft .^ach number, and d^ ^ is the jet diameter given as 



Furt.her 5 is the angle between the flight vector and t.he engine inlet 
axis, in degrees, and T* is the fully expanded primary jet temperature 
nondimensionalized by T^. The function F^(S5,.9*) is normalized such 
that t.he summation over 1/3-octave Strouhal number is unity: 
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I 


S = 1 


(7) 


and is tabulated in table II and plotted in figure 2. 

in tabl! contains directivity information and is given 

in table III and plotted in figure 3. 

The factors g^ and gp are configuration factors which are dis- 
cussed when the configuration factors and G of equation (1) are 

considered. The forward flight effects factor H (M ,0,V* o* t*) is 
given by in 




(1 + 0.62V* cos 0)'^ + (0.124V*)* 

[l + 0.62 (V* - M^) cos + Jo. 124 (V* - ~ 


,3/2 


where 


~l ~ M cos (0 - S) 


•8 [[v*(l - - (Vp3.sJ 


( 8 ) 


0.6 + 


[vjd - M^.'V‘)2/3j3.sj ^ ^ 


(9) 


The function is normalized such that it is unity if M = o for all 

values of the remaining parameters; 




( 10 ) 


The configuration factors 


and G 


»c take the mean— square acoustic 


pressure predicted for a single stream circular nozzle and adjust it to 
predict the mean-square acoustic pressure for plug and single nozzles, 
respectively. The factor ^ 


cip is given by 



(Nozzle with plug) 

( 11 ) 


(Nozzle without plug) 
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In this equation , 




With the plug 


nozzle hydraulic diameter, given by 




and 


d* ,, the nozzle equivalent diameter, given by 

e # i 


d 


e,l 



( 12 ) 


( 13 ) 


j the pluQ diaiDets3^» 

, IS U.. psi^rv pcssls ^ 

a„,e <,sl;uu.s a„ „o„dl.essionallssd Py »d r.spec 


The 


factor is given by 


/ t ,*\ 1/2 f 1 . 2[1 + J_ 

( 4 ) . 

= \ (Coaxial no 


(Coaxial nozzle) 
(Single nozzle) 


( 14 ) 


The exponent m is given by 




K 2 KI - 


( 15 ) 


the Strouhal number S„ for a 

sps,rsJrcu:sp.r,«%o .o, . pip, 




(Kd> 


0.4 




(Nozzle with plug) 


(Nozzle without plug) 


( 16 ) 
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and 





(Coaxial nozzle) 
(Single nozzle) 


( 17 ) 


where fg is an empirically determined function of the area ratio param- 

eter 1 + *j,2Aj,l velocity r&tio Vj/Vj. This function is 

tabulated in table IV and plotted in figure 4. 


Shock Noise 

The 1/3-octave-band mean- square acoustic pressure due to shock- 
turbulence interaction noise is calculated through use of the following 
equation: 


<p">* = 

In this equation 


(3.15 '< 10“‘)A* 4 F (S ) D (O.M, ) G 

^ $ 1 s s s I c 

* 2 , ^4 1 - M cos 

(r^) 1 - P 

3 IS the pressure ratio parameter as follows: 



>) 


1/2 


(18) 


(19) 


which must be greater than zero for shock cell noise to occur. 

The function 0^(0, M^) provides the dependence of the shock cell 
noise, for a stationary jet, on the directivity angle 3 and the fully 
expanded primary stream Mach number This function is given by 


Ds(c^,.Mi) 



(? < 9 „) 

(0 > 


where is the Mach anoie defined by 

m 


* Arcs in (1/M,) 
m 1 


( 20 ) 
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The spectral content of the shock noise is provided through the 
function FgCSg) which depends on the Strouhal number S : 




Q " ”<*> (jll ■*■ 0.7V* cos 0)^ + (0.14V*)^J^'^^ 


(21) 


The function F (S ) is tabulated in table V and plotted in 
figure 5. 


far- field jet noise will be the sum of the shock noise and 
the jet mixing .'oise. 

The mean-square acoustic pressure for one engine, which is tl>e sum of 
e jet mixing noise, as computed by equation (1), and the shock noise, as 
computed by equation (18). can be computed for each desired value of the 
requency, polar directivity angle, and azimuthal directivity angle. The 
total noise is the mean-square acoustic pressure multiplied by the number 
of engines N for the output table. In addition, printed output is 
avail^le of the mean-square pressure <p2> and sound pressure level 
isPL defined as 


SPL = 10 log^Q + 10 log^Q 


^2 4 
P c 

OO oo 


( 22 ) 


■ref 


Power level calculations are not performed by this module. 


REFERENCES 

1. Stone, J.imes R. : Interim Prediction Method for Jet Noise NASA 

TM X-71618, 1974. 

2. Stone, James R. ; and Montegani, Francis J.: An Improved Prediction 

Method for the Noise Generated in Flight by Circular Jets NASA 
TM- 81470. 1980. ' 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Minimum 

Default 

Maximum 

• 

• 

CM 

8 

0,01 

ir/4 

io.o 

N 

1 

1 

4 

m 

0.01 


100 

5 , deg 

0 

0 

30 

A. 

0.0001 

1 

10 



2 X 10 ~V 

2 /^ 

y]40/-n 

<,i 

2 X 10 “^//ir 

2 /yfa 

yj40/T\ 

^<1 

0 

1.0 

1.25 



0.7 

1.0 

4.0 



0 

1.0 

2-5 

"i‘ 

0.2 

1.0 

1.2 



0 

0 

10 

"2 

0 

0 

1 

•^2 

0.7 

1 

4 

^^2 

0 

0 

2.5 

* 

•^2 

0.2 

1.0 

1.2 

c , m/s 

OD 

300 

340.294 

400 

M 

oo 

0 

0 

0.9 

0^, Jcg/m'^ 

1.0 

1.225 

1.5 
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9, deg 


10 log^Q 


140.0 

190.0 

160.0 

170.0 

180.0 

190.0 

200.0 


0.00 

-.91 

- 1.07 

- 1.96 

- 1.98 

- 2.99 

- 3.00 

- 3.90 

- 4.01 

- 4.92 















TABLE V.- SHCX:k NOISE SPECTRAL DISTRIBUTION 


LEVEL 10 logj^Q Fg 


^°^10 

I^^IO '•s 1 

- 1.0 

t 

- 94.60 

- 1.7 

- 89.60 

- 1.6 

- 84.60 

- 1.5 

- 79.60 


- 74.60 

- 1.3 

- 69.60 

- 1.2 

- 64.60 

- 1.1 

- 59.60 

- 1.0 

- 54.60 

-.0 

- 49.60 

-.8 

- 44.60 

-.7 

- 39.60 

-.6 

- 34.60 

-.5 

- 29.60 

-.4 

* 24.60 

-.3 

- 19.60 

-.2 

- 14.60 

-.1 

- 9.60 

0.0 

- 7.60 

.1 

- 8.60 

.2 

- 9.60 

.3 

- 10.60 

.4 

- 11.60 

.5 

- 12.60 

.6 

- 13.60 

.7 

- 14.60 

.6 

- 15.60 

.9 

- 16.60 

1.0 

- 17.60 

1.1 

- 18.60 

1.2 

- 19.60 

1.3 

- 20.60 

1.4 

- 21.60 

1.5 

- 22.60 

1.6 

- 23.60 

1.7 

- 24.60 

1.8 

- 25.60 
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Figure 
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Piqure 3.“ Jet mixing noise directivity factor 
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8.7 DUAL STREAM CQANNULAR JET MOISE MODUI*E 


INTRODUCTION 

The Dual Stream Coannular Jet Noise Nodule predicts the noise charac- 
teristics of a coannular jet exhaust nozzle with an inverted velocity pro- 
file. The dual stream jet has a serondary, or outer, flow which has a 
hiqher jet velocity than the primary flow. The method converts the 
coannular jet to an equivalent single stream jet with the same thrust, 
mass flow, and energy. The prediction is based on the method developed by 
Fao and Russell as presented in references 1 and 2. 

The method requires input of several parameters. The two-nozzle exit 
flow states can be provided by the Jet Noise Parameters Module or directly 
by the user. Additional user-provided parameters are required. The 
module is executed once for each set of values of the input parameters. 

The output is a table of the mean-square acoustic pressure as a function 
of frequency, polar directivity angle, and azimuthal directivity angle. 
Although the jet noise is assumed not to vary with azimuthal directivity 
angle, it is introduced so that the output table is compatible with other 
noise tables. 


SYMBOLS 

fully expanded jet area, m^ (rt-^) 
engine reference area, m“ (ft“) 
ambient speed of sound, m/s (ft/s) 
directivity function 
equivalent jet diameter, m (ft) 
jet hydraulic diameter, m (ft) 
frequency, Hz 
Helmholtz number, ^ 
spectral distribution function 
aircraft Mach number 
forward velocity index 
mass flow rate, kq/s (slugs/s) 
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N 


number of engines 


P 

<p2>* 



S 


51 

52 

T 

T 

05 

V 

a 

a’ 

> 

v5 


ret 


vJ 


1 


power deviation factor 

2 4 

aean-sqxiare acoustic pressure, re p c 

00 oo 

reference pressure, 1 x 10“^ Pa (4.177 x lo*"^ Ib/ft^) 

distance from nozzle exit to observer, m (ft) 

dimensionless distance from nozzle exit to observer, re 

Stroulial number 

first peak Strouhal number 

second peak Strouhal number 

total temperature, K (*^R) 

ambient temperature, K (°R) 

jet velocity, m/s (ft/s) 

relative spectral peak magnitude factor 

= OtA^/A^ 

ratio of specific heats 

angle between flight vector and engine inlet axis, deg 

polar directivity angle, deg 

acoustic power, re p c^A 

^ '^oo oo eq 

reference power, 1 x 10 "^^ W (7.376 x 10 “^^ ft-lb/s) 

:et density, kg/m^ (slugs/ft^) 
ambient density, kg/m^ (slugs/ft^) 
normalized Strouhal number 
first peak normalized Strouhal number 
second peak normalized Strouhal number 


azimuthal directivity angle, deg 



Subscripts : 


eq equivalent jet 

1 primary jet 

2 secondary jet 
Superscript: 

* dimensionless quantity 


INPUT 

The primary and secondary jet parameters are required from the output 
of the Jet Noise Parameters Module or from the user. Ambient conditions 
are required for computation of the Strouhal number and sound pressure 
levels. The frequency, polar directivity angle, and azimuthal directivity 
angle arrays establish the independent variable values for the output 
table. Finally, the engine reference area, number of engines, engine 
inlet axis offset, and distance to observer are required. The range and 
efault values of the input parameters are given in table I. 

Input Constants 

engine reference area, (ft^) 
number of engines 

distance from nozzle exit to observer, m (ft) 
angle between flight vector and engine inlet axis, deg 

Primary Jet Parameters 
primary jet area, re A 

e 

primary jet total temperature, re T 

OO 

primary jet velocity, re c 

<30 

primary jet density, re p 

OD 

ratio of specific heats for primary jet 

Secondary Jet Parameters 
secondary jet area, re A^ 
secondary jet hydraulic diameter, re 
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T* secondary jet total temperature, re T 

CO 

V* secondary jet velocity, re c^ 

p* secondary jet density, re 

^2 ratio of specific heats for secondary jet 

Ambient Conditions 
ambient speed of sound, m/s (ft/s) 

M aircraft Mach number 

oo 

ambient density, kg/m^ (slugs/ft^) 

Independent Variable Arrays 

f frequency, Hz 

0 polar directivity angle, deg 

azimuthal directivity angle, deg 


OUTPUT 

The output of this module is a table of the mean-sqiiare acoustic 
pressure ac a function of frequency, polar directivity angle, and azi- 
muthal directivity angle. In addition, the observer distance r^ is 
provided for the Propagation Module. 

r^ distance from nozzle exit to observer, tn (ft) 


Double Stream Coannular Jet Noise Table 
f frequency, Hz 

0 polar directivity angle, deg 

^ azimuthal directivity angle, deg 

<,p- (f , mean-square acoustic pressure, re 

oo oo 


METHOD 

The noise prediction method determines the noise characteristics of a 
single equivalent jet which has the same total thrust, mass flow rate, and 
energy as the coannular jet. The 1/ 3-octave-band mean-square acoustic 
pressure is computed as a function of frequency, polar directivity angle. 
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I 



and azimuthal directivity angle for the 
used has been extracted from references 
coannular jet nozzle is shown in figure 


input conditions. The method 
1 and 2. A schematic of a typical 


The mass flow rate of the equivalent jet is 


given by 


• ♦ 



• ♦ 



- * 

®2 


( 1 ) 


where m* + p*A*V*. The equivalent jet 
the equivalent jet thrust to the sum of 


velocity is computed by equating 
the thrusws of the individual jets 


V* 

eq 




ea 


( 2 ) 


By assuming that the products of combustion do not t-i, i 

gas constant, the equivalent let t.»inrvo.a^ value of the 

energy equation tempeiature can be computed from the 


T 

eq 


^ T* + m* — ~ — T* 
1 - i 1 2 Y - 1 ^2 


— ^ m! '2 


1 - 1 ^ ‘"2 Tpn: 


(3) 


The equivalent specific heat ratio is determined 


by the mass average 




1 Y, - 1 


+ IS 


2 Y2 - 1 


eq 


+ in^ 


(4) 


e equivalent jet density is trom cne cone 
pressure is equal to the ambient static pressure 
gas law yields 


i-ouno Erom the condition that the 


3CCIC1C 

Rearranging the perfect 






- 1 


-(V* ) 
eq' 




-1 


(5) 


and the equivalent jet area is 


A* 

eq 


m* 

i2_ 

V* 

eq eq 


( 6 ) 
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The equivalent jet diameter is 


d 


eq 



(7) 


The acoustic power II* is calculated for the equivalent jet using 
the single stream circular jet method. A coannular benefit factor O is 
added to this relation to account for double stream effects. The result- 
ing expression for the acoustic power is 


n* = (6.67 X 10~5) (p» )“(V* )®P(V* )Q(V* ,V*/V*) 
eq eq eq eq 2 i 


( 8 ) 


Cie power deviation factor P is a function of the velocity ratio 
logio and is giver, in table IT and plotted in figure 2- The density 

exponent u) is a function of the velocity ratio ^eq given 

in table III and plotted in figure 3. The coannular benefit factor Q 
is a function of velocity ratio V^/vJ and velocity ratio ^eq 

and is given in table IV and plotted in figure 4. 

The mean- square pressure is computed from the acoustic power using 
a normalized directivity function and a normalized spectrum fxinction. 

For a directivity angle less than 110^, the 1/ 3-octave- band mean-square 
pressure is 


an d for directivity angles greater than 110®, 


D(0,V* ) 


SSL 


- M 


vmO) 


(9) 


eq 


<?2>* = 


4-(r*)^ 


D(9,V^) a' G{e,a^)~ 

1 - M cos (6 - 5) I 1 + a* ^ 1 + a* 

oo _ 


(V* 


,m(9) 


eq 


( 10 ) 


where r* = r j . The directivity function D in eqioations (9) 
and (10) is a function of polar directivity angle 6 and velocity ratio 
loqiO V^ and is given in table V and plotted in figure 5. The terms 

which include the aircraft Mach number M account for forward flight 

oo 

effects. The forward flight index m(6) is a function o£ lar direc- 
tj^vity angle 9 and is given in cable VI and plotted in figure 6. The 
angle 5 allows for an offset between the engine inlet ^ucls and the 
direction of flight. The mvaining terms in equations (9) and (10) give 
tne spectral distribution. 
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I 



.. ooannular jet has a spectrum characterized by two peaks. The 
first peak corresponds to the characteristics of the outer stream and 
exists for all values of the polar directivity angle. The second peak 
corresponds to the characteristics of the mixed stream and exists for 
values of the polar directivity angle greater than 110®. The spectra are 
expressed in terms of the Strouhal number defined as 


S 




eq 


M 


) 


0.4 


( 11 ) 


The peak Strouhal numbers are a function of polar directivity angle G 
and velocity ratio log^^Q V^. The first peak Strouhal number Si is 
given in table VII and plotted in figure 7. The second peak Strouhal 
number S 2 is given in table VIII and plotted in figure 8. The Strouhal 
nanbers used to define the spectrum shape are normalized with respect to 
the corresponding peak Strouhal nxanber. The normalized Strouhal num- 
bers O are defined as 


j* 

1 eq ,0.4 

^ ^1 V - M„ ^ 

eq ® 


( 12 ) 


and 


1 ,0.4 

: 

2 S*J 7* - Sf ®q 

* eq 


(13) 


The two spectral peaks differ in magnitude by a factor ct* 
relative magnitude factor is de'^ined as 


This 




(14) 


eq 


The spectral peak magnitude factor 01 is a function of the equivalent 
velocity logj^Q the velocity ratio and the polar directivity 

angle 5. The values of the spectral peak magnitude factor a are given 
in table IX and plotted in figure 9. The spectral shape is defined by the 
spectral distribution G as a function of polar directivity angle 9 and 
normalized StrouJial number a. The values of the spectral distribution G 
are given in table X and plotted in figure 10- 

All of the terms in equations (9) and (10) have been defined. The 
mean- square acoustic pressure can be computed for each desired value of 
frequencyr polar directivity angle, and azimuthal directivity angle. The 
total noise is the mean-square acoustic pressure multiplied by the number 
of engines H for the output table. In addition, printed output is 
available of the dimensionless mean-square pressure <p^>* , the sound 
pressure level SPL defined as 
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SPL = 10 log^o ■ 20 logj^g 


(15) 


€£i 

pc^ 

oo oo 


and the power level PWL defined as 


n 


PWL = 10 log^^Q n - 10 log 


ref 


10 3 ♦ 

P C A A 

oo CO 0<J 0 


(16) 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Minimusi 

Default 

Maxinrtjm 

Ag , m ..... 

0.01 

TT /4 

10 

N 

1 

1 

4 



0.01 

K 

100 

6 , deg 

0 

0 

30 



0.0001 

1 

10 







0.7 

1 

6 

Vj 

0 

1.0 

2.5 

M 

30 

0 

0 

0.9 

* 






0.2 

1.0 

1.2 

Yl 

1.3 

1.4 

1.5 

^2 

‘ 0 

0 

10 

d* 

n , 2 

0.01 

1 

10 

rr> • 

^2 

0.7 

1 

6 



0 

0 

2.5 

^ * 

^2 

0.2 

1.0 

1.2 

^2 

1.3 

1.4 

1.5 

c^, m/s 

200 

340.294 

400 

0 ^, kq/n^ .... 

0.2 

1.225 

1.5 
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TABLE II.- POWER DEVIATION FACTOR log^^Q P 



O 

o 

-.400 

-.130 

-.350 

-.130 

-.300 

-.130 

-.250 

-.130 

-.200 

-.130 

-.150 

-.120 

-.100 

-.100 

-.050 

-.050 

0.000 

0.000 

.050 

.100 

.100 

.210 

.150 

.320 

.200 

.410 

.250 

.430 

.300 


.350 

.310 

.400 

.140 


TABLE III.- DENSITY EXPONENT, O) 
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TAULK V.- DIKECTIVITY FUNCTION loq 
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TABLE VI.- FORWARD VELOCITY INDEX 01(6) 


9, 

deg 

m(0) 

0.000 

3.000 

10.000 

1.650 

20.000 

1.100 

30.000 

.500 

40.000 

.200 

50.000 

0.000 

60.000 

0.000 

70.000 

.100 

eo.ooo 

.400 

90.00 C 

1.000 

100.000 

1.900 

110.000 

3.000 

120.000 

4.700 

130.000 

7.000 

140.000 

8.500 

150.000 

8.500 

160.000 

8.500 

170.000 

8.500 

180.000 

8.500 
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TABLE X.- SPECTRAL DISTRIBUTION -log 
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Figure 6.- Forward velocity index. 






o 



8 . 7-33 


Polar Directivity Angle, 0 , degrees 

Figure 8.- Concluded. 





Figure 9.- Spectral peak magnitude level. 
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Figure 9.- Continued. 
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Figaro 9.- Continued. 
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Fiqure 9.- Continued, 
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Figure 9.-* Continued. 
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Figure 9.- Continued 
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Figure 9.- Continued. 
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Kiqiire 10.- Spectral distribution level. 




8.8 AIRFRAME NOISE MODULE 


INTRODUCTION 

The Airframe Noise Module predicts the broadband noise for the domi- 
nant components of the airframe. The method is based on a method devel- 
oped by Fink of the United Technologies Research Center for the Federal 
Aviation Administration (ref. 1) . The method employs empirical and 
assumed functions to produce sound spectra as a function of frequency, 
polar directivity angle, and azimuthal directivity angle. Each spectrum 
is the sum of all the airframe component spectra produced by the wing, 
tail, landing gear, flaps, and leading-edge slats. 

The method requires input of several parameters. The aircraft Mach 
number and control settings can be provided by the Airframe Noise Param- 
eters Module or directly by the user. Additional user- provided parameters 
describe the airframe geometry. The module is executed once for each set 
of values of the input parameters. The output is a table of the mean- 
sqiiare acoustic pressure as a fiinction of frequency, polar directivity 
angle, and azimuthal directivity angle. 


A 

a 

b 

c. 

D 

d 

F 

f 

G 


I. 


K 

i 

M 

< 3 » 


SYMBOLS 

area, (ft^) 
exponent 
span, m (ft) 

ambient speed of sound, m/s (ft/s) 

directivity function 

tire diameter, m (ft) 

spectrum function 

frequency, Hz 

geometry function 

landing-gear position 
constant 

landing-gear strut length, m (ft) 
aircraft Mach number 
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N 


<p2>* 


number of landing gear 

number of wheels per landing gear 

2 4 

mean-square acoustic pressure, re p c 

00 OD 

reference pressure, 2 ^ io“5 (4.177 x Ib/ft^) 

distance from source to observer, m (ft) 
dimensionless distance from source to observer, re b 
Strouhal number 


number of slats for trai ling-edge flaps 
boundary-layer thickness, m (ft) 
flap deflection angle, deg 
polar directivity angle, deg 

ambient dynamic viscosity, kg/m-s (slugs/ft-s) 

3 2 

acoustic power, re p c b 

OO OO W 

reference power, 1 x 10“^^ W (7.376 x 10“^^ ft-lb/s) 
ambient density, kg/m^ (slugs/ft^) 
azimuthal directivity angle, deg 
Subscripts : 
f flap 

h horizontal tail 

sk; main landing gear 

ng nose landing gear 

V vertical tail 

w wing 

Superscript: 

* dimensionless quantity 
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INPUT 


The aircraft Mach number, control settings, and ambient conditions 
aure required from either the output of the Aircraft Noise Parameters 
Module or the user. The frequency, polar directivity angle, and azi- 
muthal directivity angle arrays establish the independent variable values 
for the output table. Several parameters are required for the geometric 
description of the airframe. Finally, the distance to the pseudo- 
observer is required. The range and default values of the input param- 
eters are given in table I, 


Input Constant 

distamce from source to observer, m (ft) 


Av 

Aw 

b 

V 

^mg 


Airframe Geometry 
flap area, (ft^) 

2 2 

horizontal tail ^rea, m (ft ) 
vertical tail area, m^ (ft^) 
wing area, m" (ft ) 
flap span, m (ft) 
horizontal tail span, m (ft) 
vertical tail span, m (ft) 
wing span, m (ft) 

tire diameter of main landing gear, m (ft) 
tire diameter of nose landing gear, m (ft) 
main landing-gear strut length, m (ft) 
nose landing-gear strut length, m (ft) 



number 

of 

^ng 

number 

of 

^lag 

number 

of 

^ng 

number 

of 

s 

number 

of 
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Airframe Noise Parameters 


I 




6 


f 


landing-gear position 
flap setting, deg 


Ambient Conditions 
ambient speed of sound, m/s (ft/s) 

M aircraft Mach number 

oo 

p ambient density, kg/m^ (slugs/ft^) 

00 

U ambient dynamic viscosity, kg/m-s (slugs/ft-s) 


Independent Variable Array 

f frequency, Hz 

9 polar directivity angle, deg 

^ azimuthaJ directivity angle, deg 


OUTPUT 

The output of this nodule is a table of the mean-square acoustic 
pressure as a function of frequency, polar directivity angle, and azi- 
nnithal directivity angle- In addition, the observer distance r^ is 
provided for the Propagation Module. 

distance from source to observer, m (ft) 

Airframe Noise Table 

f frequency, Hz 

9 polar directivity angle, deg 

0 azimuthal directivity angle, deg 

<p^(f,6,1))> aean- square acoustic pressure, re 


METHOD 


The prediction method presented in reference 1 is used to compute 
the far- field noise. The airframe noise components considered vn the 
method are shown in figure 1- The definitions of the directivity angles 
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are shovm in figure 2. In the following discussion, the general approach 
for the prediction method is presented first and then the detailed method 
is given for each airframe component. 

The equation for the far-field mean- square acoustic pressure for 
the airframe is 


✓ 2^* ^ n* D(9,j>) F(S) 

^ * 2 4 ' 

4ir(r*) (1 - cos 0) 

O 00 

In equation (1), H* is the overall power, D is the directivity func- 
tion, and F is the spectrum function. The source to observer distance 

r is expressed in dimensionless form as r* = r /b . The forward 
s s s w A 

velocity effect is accounted for by the Doppler factor (1 - M cos 9) . 

The Strouhal number S is defined as 


S 


fL 
M c 

oo oo 


(1 - M cos 0) 


( 2 ) 


where L is some length scale characteristic of the particular airframe 
noise source being computed. 

The acoustic power for the airframe IT* can be expressed as 

n* = K(MJ^ G (3) 


where K and a are constants determined from empirical data. The 
geometry function G is different for each airframe component and 
incorporates all geometry effects on the acoustic power. 

As indicated by equation (1), each airfraune noise source has its own 
directivity fiinction D and spectrum function F. Using these v unctions 
and the acoustic power, the mean-square acoustic pressure can be computed 
as a function of frequency, polar directivity angle, and azimuthal direc- 
tivity angle for a given set of input par£uneters. The empirical constants 
amd functions used to compute the acoustic power are summarized in 
table II. The directivity and spectmim functions are given in table III. 
Each airframe noise component is described in detail below. 


Trailing-Edge ^foise 

The primary mechanism for noise generation for clean wing and tail 
surfaces is the convection of the turbulent boundary layer past the 
trailing edge. The turbulence intensity is assumed to be independent of 
Reynolds number and the turbulent length scale is assumed to be the 
boundary- layer thickness. The directivity function is assumed to be 
aligned with the lift dipole, and the spectrum function is determined 
empirically. 


The acoustic power due to trai ling-edge noise of a conventionally 
constructed wing is 

n* - (4.464 X 

The dimensionless turbulent boundary- layer thickness 6^ is computed from 
the standard flat-plate turbulent boundary-layer model 


A /PMC A 

u / ao CO oo 


Similarly, the acoustic power for the horizontal tail is 


n* » (4*464 ^ 10“^) 


\ w/ 


and for the vertical tail is 


n* (4.464 ^ 10“^) 




The boundary- layer tnicknesses and 6^ are computed from equa- 

tion (5) using the appropriate values of A and b. If the airplane 
IS aorodynamically clean, such as a sailplane or jet aircraft with simple 
trailinq-edge flap mechani:-ms , the constants in equations (4), (6), 

and (7) should be reduced to 7.075 ^ 10 an 8-dB decrease. 

The directivity function D for the clean wing and horizontal tail 
IS given by 


0(8, ■ 4 cos* 4^ cos 8/2 


and for the vertical tail 


D(0,4>) » 4 sin* cos* ^/2 


These directivity functions are plotted in figures 2 and 3, respectively. 
The spoctrx* function F is given by 

F(S) - o-eisdos)"* [(los)^-^ + 0.^ ^ do 
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for rectangular wings and 


F(S) 


0.485(105)^ [(lOS)^’^® 


+ 



( 11 ) 


for delta wings. These spectrum functions are plotted in figure 4. The 
Strouhal number S is defined for this component as 


S 


f6*b 
M C 

CO oo 


(1 - M cos 0) 


( 12 ) 


where the appropriate value of the span b and the boundary- layer thick' 
ness 6* for the wing, vertical tail, or horizontal tail is used depend' 
inq on the noise source being predicted. The mean-square acoustic pres- 
sure is ther computed from equation (1) - 


Leading-Edge-Slat Noise 

The deployment of the leading-edge slats produces increased noise by 
two different mechanisms. First, the slat produces an increment of wing 
trail ing-edge noise due to its impact on the boundary layer of the wing. 
Second, the leading-edge slat itself produces trailing-edge noise. Both 
mechanisms are accounted for in this method. 

The added acoustic power due to the increase in wing trailing-edge 
noise or the slat trailing-edge noise is assumed to be equal to the clean 
wing noise. Therefore, equation (4) can be used to predict the overall 
acoustic power for either slat noise source. The directivity function 
for either slat noise source is given by equation (8) and plotted in fig- 
ure 2. The sp>ectrum function for the added wing noise is given by equa- 
tion (10) . The spectrum function for the slat noise is 

F(S) » 0.613(2.195)^ [(2. + O.s] ^ (13) 


which assumes that the slat cnord is 15 percent of the total wing chord. 
The Strouhal number S is given by equation (12) . The two spectrum 
functions are plotted in figure 5, along with their sum, to show the 
combined effect of slat noise. The mean- square acoustic pressure is 
then computed from equation (1). 


Flap Trailing-Edge Noise 

Extension of the wing flaps increases the level of airframe noise. 
This noise is assumed to be produced by the lift fluctuations due to the 
incident turbulence on the flap. This noise increases as the flap exten- 
sion is increased. The noise is asswed to be aligned with the lift 
dipole of the deflectcjd flap. 
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The acoustic power due to flap noise for single or double 
slotted flaps is 


- 4 : sin^ 


n* = (2.787 10" )M^“2 

‘’w 


where 6^ is the flap de: 
overall acoustic power is 


flap deflection angle. For triple slotted flaps, the 


n* = (3.509 X 10"'*)M® -| sin^ 6f 

b 

w 

which increases the power by 1 dB to account for the added flap 
complexity. 

The directivity function D for the flap noise is 

D(0,4i) = 3 (sin cos 9 + cos 6^ sin 9 cos (>) < 

. - X « The soectrum functions F 

which is plotted in figure 6 for 6^ - 30 . The spe 


.04805^ 


FIS^) = ( 0.14063^ 


216.493, 


(3 < 2 ) 


(20 < S) 


)r single and double slotted flaps and 


0-02573^ 

1 -0.0625 

F(Sf) = ( 0.05363^ 
170783'^ 


(3 < 2 ) 


(75 < S) 


tor rrrpl. slorr.d flop*, urin, tho tl.p chord .= rh. reference length, 
the Strouhal number is defined as 


f M b.c 
00 t ® 


— (1 - M cos 9) 

. ' * oa 
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The spectrum functions given by equations (17) and (18) are plotted in 
figures 7 and 8, respectively. The mean-square acoustic pressure is then 
computed from equation (1). 




Landing-Gear Noise 

The mechanism for noise generation due to landing-gear extension is 
complex and dependent on the petrtictilar landing- gear design being con- 
sidered. The process has been simplified with the assumption, based on 
the experimental comparisons made in reference 1, that there are only two 
predominant noise sources. Noise generated by the strut and wheel appears 
to dominate other potential sources. Separate predictions are made for 
the strut and wheel noise which are added together to yield the total 
landing-gear noise. 

For a one- or two-wheel landing gear, the acoustic power due to the 
wheel noise is 


IT* 


(4 


.349 X 10 



( 20 ) 


and due to the strut noise is 


n* 


(2.753 * 10"'^ 



( 21 ) 


Similarly, for a four-wheel landing gear, the acoustic power due to the 
wheel noise is 


n* = (3.414 X lo"*) 




( 22 ) 


and due to the strut noise is the same as equation (2i) . In eqtia- 
tions (20), (21), and (22), d is the tire diameter, £ is the strut 

length, and n is the number of wheels per landing gear. 

The directivity function for the landing-gear wheel noise is 


D (9,^) -j sin^ 0 


(23) 


and for the strut noise 


D(0,^) * 3 sin^ 9 sin^ 


(24) 
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These directivity functions are plotted in figures 9 and 10, respectively. 
For a one- or two-wheel landing gear, the spectrum function for the wheel 
noise is 


9 2.-2. 25 

F(S) = 13-595^(12.5 + S^) 


(25) 


and for the strut noise is 


F(S) = 5.325S2(30 + 


S«) 


-1 


(26) 


Similarly, for the four-wheel landing gear, the spectrum fxinction for the 
wheel noise is 


F(S) 


= 0.0577s2(1 + 0.25s2)’^-^ 


(27) 


and for the strut noise is 


F(S) 


1.2805^(1.06 + 


S^) 


-3 


(28) 


If the tire diameter is used as the reference length, the Strouhal number 
is defined as 


S 


fd 

M C 
oo oo 


(1 


M cos 0) 

oo 


(29) 


The four spectrum functions are plotted in figures 11 to 14. The wheel 
and strut mean-square acoustic pressure are computed separately by using 
equation (1). They are then summed to yield the total landing-gear mean- 
square acoustic pressure. The noise due to the main landing gear and nose 
landing gear are computed separately. 


Output Computation 

The mean-square acoustic pressure for the airframe is the sum of all 
t.he components desired by the user. It is computed for each value of the 
frequency, polar directivity angle, and azimuthal directivity angle for 
t.he output table. In addition, printed output is available of the sound 
pressure level SPL defined as 


SPL 


10 lc>g^Q ^ 20 log 


10 p 


(30) 


8 . 8-10 



and the power level PWL defined as 

oyj>i 

PWL = 10 log^Q n* -I- 10 log^Q ^ ^ 


( 31 ) 


REFERENCE 

1- Fink, Martin R- : Airframe Noise Prediction Method. FAA-RD-77-29, 

Mar- 1977. (Available from OTIC as AD A039 664.) 
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TABLE I.- RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Minimum 

Default 

Maximum 

“ 

0.01 


100 

Afr 

0.01 

10 

100 

*h« 

0.02 

20 

200 

*V' 

0.02 

20 

200 



0.1 

100 

1000 

bf/ m 

0.01 

5 

20 

“ 

0.02 

10 

20 

fc>v» » 

'^.02 

10 

40 

“ 

0.1 

20 

100 

‘*mg« ” 

0.001 

1 

5 

%' ® 

0.001 

1 

5 

^mg' ° 

0.003 

3 

15 

^ng' " 

0.003 

3 

15 



1 

4 

4 

"ng 

' 1 

' 2 

4 

^ 

1 

2 

4 

^ng 

1 

1 

2 

s 

1 

3 

3 

• 

0 

1 

1 

M 

JO 

0 

0.3 

0-9 

6^, deg 

0 

0 

45 

>^5 

200 

340.294 

400 

kq/m^ 

0.2 

1.225 

1.5 

U^i kq/nt-s .... 

1.5 X 10*^ 

1.7894 X 

2.0 X lo‘^ 
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TABLE II.- EMPIRICAL CONSTANTS AND FUNCTIONS FOR 


AIRFRAME ACOUSTIC POWER 



Clean wing ^md 

leading-edge slat 
( conventional 
construction) • . 


4.464 X 10 ^ 5 


Horizontal tail 
(conventional 
construction) 


4.464 X 10 5 




Vertical tail 
(conventional 
construction) 


4.464 X 10 5 


6*(byb„)' 


Clean wing 

( ae rodynami ca 1 1 y 
clecoi) 


7.075 X 10"^ 5 


Horizontal tail 
{ ae rody nami cal 1 y 
clean) 


7.C75 X 10’^ 5 




Vertical tail 

( ae rody nam i cal ly 
deem) 


7.075 X 10 5 




single v'r double 
slottec trailing- 
edge flaps .... 

Triple slotted 
trailing-edge 
flaps 


One- or two-wheel 
landing-gear wheel 


2.787 X 10’"^ 6 sin^ 6 


3.509 X 10"^ 6 (^f/fc»w) ^f 


4.349 X 10“*^ 6 


n(d/h^,) ' 


Four-wheel landing- 
gear wheel noise 


3.414 X 10 ’ 6 


n(d/b^)‘ 


Landing-ge^ur strut 


2.753 X 10 ^ 6 


(d/b^)^(Vd) 
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TABLE III." DIRECTIVITY AND SPECTRUM FUNCTIONS FOR AIRFRAME NOISE 













UjeJUt 


F.,ur. 1.- source, of eirfr,.. ™i,e iecl„d«. 1„ p„ai«io„ .exlel. 
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Figure 4.- Spectrum level for clean wing, horizontal tail, and 
vertical tail tralling-edge noise. 
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Figure 7.- Spectrum level for single and double slotted 
trailing-edga ilap noiso. 
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Strouhal Number, log^o S 

I’lquro 8.- Spectrum level for triple slotted trailing-edge flap noise. 






(b) Variation with aziffluthal directivity angle. 
Figure 10.- Directivity level for landing-gear strut noise 
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wheel landing-gear 
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8.9 SMITH AMD BOSHELL TURBINE NOISE MODULE 


INTRODUCTION 

The smith and Bushell Turbine Noise Module predicts the broadband 
noise for an axial flow turbine. The prediction is based on 
developed by Smith and Bushell (ref. 1) - The method employs 
f^cti^s Z produce sound spectra as a function of frequency 
directivity angle. The method assumes that the only significant nois 
-vort«- cowo~nt, which U th. hro.db.nd noin. do. to 
int.r.ctlon of th. tot.ting bl»i.n with t.ndo. ..locity [>.tt.tns in th. 
flow. 

The method requires input of several parameters. The t^bine 
entrain: "d exit^ow parameters can be provided by ^e turbine Noise 
Parameters .Module or directly by the user. of 

parameters are required. The module is executed for 

values of the input parameters- The output is a table 

I«;^L7p«ssire as a function of frequency, polar directivity angle, 
and azimuthal directivity angle. Although turbine noise 
to vary with azimuthal directivity angle, it is introduced so that the 
output table is compatible with other noise tables. 


A 


C 


D 

d 

F 


f 


f 


f 


a 


h 

a 


M 


t 


SYMBOLS 

2 2 

turbine inlet cross-sectional area, m (ft ) 

2 2 

engine reference area, m (ft ) 

rotor blade mean cocial chord, m (ft) 

ambient speed of sound, m/s (ft/s) 

directivity function 

turbine rotor diameter, m (ft) 

spectrum function 

frequency, Hz 

Helmholtz number, 

fuel- to— air ratio 

absolute humidity, percent mole fraction 
rotor blade tip Mach number 
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M 




<p2>* 


' ref 


R 

R 


aircraft Mach number 

mass flow rate, kg/s (slugs/s) 

rotational speed , Hz 

number of engines 

number of turbine stages 

^2 4 

mean- square acoustic pressure, re 

reference pressure, 2 ^ 10 ^ Ps (4*177 x lo ^ Ib/ft ) 
dry air gas constant, re m^/K-s^ (ft^/^~s^) 
gas constant, m^/K-s^ (ft^/^R-s^) 
distance from source to observer, m (ft) 


5 

r* dimensionless distance from source to observer, re 

T temperature, K (°R) 

Y ratio of specific heats 

9 polar directivity angle, deg 

IT* acoustic power, re 

n - reference power, 1 ^ 10 W (7.376 ^ 10 ft-lb/s) 

ref 

p ambient density, kg/m^ (slugs/ft^) 

GO 

(p azimuthal directivity angle, deg 

Subscripts : 

i entrance 

j exit 

s static 

oo ambient 

Superscript: 

* dimensionless quantity 
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INPUT 


The turbine parameters are required from either the output of the 
Turbine Noise Pauraneters Module or the user. Ambient conditions aure 
required for computation of sound pressure levels. The frequency, polar 
directivity angle, and azimuthal directivity angle arrays establish the 
independent variable values for the output table. The turbine inlet 
cross- sectional area, rotor blade mean axial chord, amd number of turbine 
stages are required for the geometric description of the turbine. 

Finally, the engine reference area, number of engines, and distance to 
the observer are required. The range and default values of the input 
parameters are given in table I. 


Input Constants 

2 2 

engine reference area, m (ft ) 

Ng number of engines 

distance from source to observer, m (ft) 

Txirbine Geometry 

A* turbine inlet cross-sectional area, re 

C* rotor blade mean axial chord of the last stage, re 

number of turbine stages 


Turbine Noise Parauneters 
fuel-to-air ratio 

a* core mass flow rate, re p c A 

<» 00 e 

* 

N rotational speed, re c ^d 

* 

T, . exit static temperature, re T 


Ambient Conditions 
ambient speed of sound, m/s (ft/s) 
absolute humidity, percent mole fraction 
aircraft Mach number 
ambient density, )cg/m^ (slugs/ft^) 
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Independent VauriedDle Arrays 

f frequency, Hz 

9 polar directivity cuigle, deg 

A azimuthal directivity angle, deg 




OUTPUT 

The output to this module is a table of the mean-square acoustic 
pressure as a function of frequency, polar directivity angle, and azi- 
muthal directivity angle. In addition, the observer distance r^ is 
provided for the Propagation Module. 

r distance from source to observer, m (ft) 

s 

Turbine Noise Table 

f frequency , Hz 

9 polar directivity angle, deg 

4> azimuthal directivity angle, deg 

♦ ^2 4 

<p^(f,0,4>)> meam- square acoustic pressure, re 


METHOD 

The prediction method presented in reference 1 is used to compute 
the far-field noise. A schematic of a typical turbine is shown in fig- 
ure 1. The Smith and Bushell method uses the coordinate system and 
directivity angles shown in this figure. The following prediction method 
gives the prediction for broadband vortex noise. 

The equation for the far-field mean-square pressure for a turbine is 


<p2>* 


n*A* D(9) F(f*) 

" ^ 4 

4:1 (r*) (1 - cos 9) 


( 1 ) 


In equation (1) , H* is the overall ° directivity func- 

tion, and F is the spectrum function, 
r is expressed in dimensionless form < 


er, D is the direct! vxry lunu- 
The source to observer distance 



(2) 
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The forward velocity effect is accounted for by the Doppler factor 
(1 - M cos 0)^. The Helmholtz number f* is defined as 

OO 


fcV/A 


f* = (1 - M cos 0) 


wheie C is the mean axial chord of the last stage turbine rotor blades. 
The acoustic power II* for the turbine is 

n* = (4.552 X ^.4: 

where is the number of stages and m is the core mass flow rate. 

The blade tip Mach number is defined as 

* y R*T* . 

M - I5L. 5 (5 

- 2 \ Y„ 


Ls the rotational speed and T 


is die exit static tempera- 


ture. The values of the local ratio of specific heats y^ and the local 
gas constant R* = are found from the input values of 


absolute humidity h^, and fuel-to-air ratio 
ambient ratio of specific heats Y is 1.4. 


The value of the 


The directivity function D is a function of polar directivity angle 
and is given in table II and plotted in figure 2. The spectrxim func- 
tion F is a function of Helmholtz number and is given in table III and 
plotted in figure 3. The mean-sguare acoustic pressure is then computed 
from equation ’ (1) . The total noise is the mean-square acoustic pressure 
multiplied by the number of engines for the output table. In addi- 

tion, printed output is available of the sound pressure level SPL 
defined as 


SPL = 10 loqiQ <P^>* 20 log^ 


and the power level PWL defined as 


PWL = 10 log^Q r + 10 log^^Q 


3 * 

0 c A A 

00 OO 0 
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REFERENCE 

1. Smith, M. J. T.; and Bushell, K. w. : Turbine Noise - Its Significance 

in the Civil Aircraft Noise Problem. Paper 69-WA/GT-12, American 
Soc. Mech. Eng., Nov. 1969. 
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TABLE I.-* RANGE AND DEFAULT VALUES OF INPUT PARAMETERS 


Input 

parameter 

Minimum 

Default 

Maximum 

Ag, 

0.01 

u /4 

10 

A* 

0.1 

1 

10 

C* 

0.01 

1 

IGO 1 

fa 

0 

0 

0-36767 

ha. ' 

0 

0 

4 

• * 

m 

0 

0.2 

10 1 

N* 

0 

0.3 

0.5 ' 

Ne 

1 

1 

I 

4 : 

T* 

SO 

0.1 

2 

4 i 

j 

"/s 

200 

340.294 

400 ! 

M 

do 

0 

0 

0.9 j 

0^. 

0.2 

1.225 

1.5 

■^S' " 

0.01 

K 

100 



1 

-J 

1 

10 
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TABLE IX.- DIRECTIVITY EDUCTION 




D 

Cb 

X 

ac 

Cu 


u 

03 

< 


C»4 

o 

O' 

oooooooeooooooooooooooo 

ooooooooooooooooooooooo 

• • • «#♦•••••••••••• • • • • • 

0 

o 

V?7T?rT?7TTr • ••TTTVTVr 



« 

o 

Ilillsllillii5s||i|sp.? 

O' 

^^..^^.H^^OOOOOOOOOOOOOOO 
1 1 1 1 1 1 1 1 ' 

0 


f 

c 

O' 

0 

c 

f-H 

SSSSS3SSSSSIIIIIIII 
1 1 1 1 


4>%aaOO00000000000000 

SSoooooooeoooeooooo 

Soooooooooooooooooo 


ooooooooooooooooooo 


^ 1 « 1- • O* O 2 2 S 2 - 2 C; s 
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Figure 3 . “ Normal 



9. PREDICTION PROCEDURES 




9.1 ICAO REFERENCE NOISE-PREDICTION PROCEDURE (1978) 


INTRODUCTION 

In June of 1977, the International Civil Aviation Organization (ICAO) 
formed a prediction subcommittee to determine a reference noise-prediction 
procedure applicable to supersonic transports (SST*s). The goals of the 
subcommittee were to: 

1. Establish an agreed upon reference noise-prediction procedure 

2. Assess the accuracy of the reference procedure against available 

measured flight- test ncise levels 

3. Determine, by use of the ** trial engine,” the differences in pre- 

dicted noise level between the reference procedure and those 
procedures already used in parametric studies 

4. Identify new noise problems associated with SST’s, and to make the 

necessary recommendations so as to define an internationally 
recommended prediction procedure 

Participating in -he subcommittee work were NASA, British Aerospace 
Corporation, SNECMA, the U.S.S.R. , 'fhe Boeing Company, McDonnell Douglas 
Corporation, LocKheed Corporation, Rolls-Royce Limited, General Electric 
Company, and Pratt & Whitney Aircraft Group. Each provided their predic- 
tions for a trial SST engine provided by SNECMA and for currently avail- 
able measured data. Based on the results of these studies, a reference 
noise-prediction procedure was agreed upon. The results of the subcom- 
mittee study were presented to ICAO. 

A summary of the prediction procedure . used by each participant and 
the reference noise-prediction procedure are presented in table I. The 
results of the trial SST engine predictions for each method are presented 
in table II. It is interesting to note some of the wide variation in the 
component maximum perceived noise level (PNL) computations- The accuracy 
of the application of the reference noise-prediction procedure to various 
measured effective perceived noise level (EPNL) data is shown in 
figure 1- 

All of the component methods in the ICAO reference noise-prediction 
procedure are included in ANOPP as separate functional modules or variants 
of the standard ANOPP functional modules. A discussion of each component 
noise-prediction method is presented subsequently. 
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V 



SYMBOLS 


d 

F 


m(9) 

<p2/ 

* 

P 


S 


T. 

3 

AT 

T* 

V* 

D 

X 

Y 

Jt 


standard sea level speed of sound r m/s (ft/s) 

ambient speed of sound, m/s (ft/s) 

directivity function 

fan diameter, m (ft) 

spectral distribution function 

frequency, Hz 

peak frequency, Hz 

absolute humidity, percent mole fraction 
relative humidity, percent 
acoustic liner length, m (ft) 
forward- velocity index 

2 4 

mean-square acoustrc pressure, re 
ambient pressure, re 

2 

standard sea level pressure. Pa (Ib/ft ) 

suppression factor 

corrected Strouhal number 

ambient temperature, re 

let temperatiire , K (^R) 

standard sea level temperature, K (^R) 

thrust loss, percent 

ambient temperature, K (^R) 

jet velocity, re c^ 

humidity ratio 

vibrational absorption function 
absorption coefficient, nepers/m (nepers/ft) 
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0 


polar directivity angle, deg 
eunbient density, kg/m^ (slugs/ft^) 
Subscripts : 
cl classical 

h high frequency 

I low frequency 

max maximum 

n nitrogen 

o oxygen 

ref reference procedure 

rot rotational 

sup suppressed 

vib vibrational 


JET MIXING NOISE 

The method for predicting jet mixing noise is based on the method in 
appendix A of Society of Automotive Engineers (SAE) Aerospace Recoamended 
Practice (ARP) 876 (ref. 1). This is presented in ANOPP as the Single 
Stream Circular Jet Noise Module. The method employs empirical data 
tabulated in terms of relevant dimensionless groups to produce sound 
spectra as functions of frequency and polar directivity angle. 

The ICAO reference method differs from the Single Stream Circular 
Jet Itoise Module in two ways. First, a different forward- velocity 
index m(9), defined in table III and figure 2, is used. Second, addi- 
tional data for the spectral distribution factor F at a value of the 
vej^ocity ratio (log^^Q V^) of 0.3 is included. The additional spectral 

data are given in table IV and plotted in figure 3. 


SHOCX NOISE 

The method for preiicting jet shock cell noise is based on proposed 
appendix C of SAE ARP 876 (ref. 1). This is presented in ANOPP as the 
Circular Jet Shock Cell Noise Module. The method uses master spectra 
functions and a shock-cell interference function to produce sound spectra 
as functions of frequency and polar directivity angle. 
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The ICAO reference method has an additional function not found in 
the Circular Jet Shock Cell Noise Module. The computed 1/3-octave-band 
rean-square pressure <p^> is multiplied by an additional directivity 
function D as follows: 


<p2>;^f = D(0) <p2>* 


The additional directivity function is a function of polar directivity 
angle 0 and is given in table V and plotted in figure 4. 


COMBUSTION NOISE 


^e method for predicting combustion noise is based on the proposed 
^^ndix C to reference 1. This is presented in ANOPP as the Combustion 
Noise Module. The method uses empirical data of core noise from turbo- 
shaft. turbojet, and turbofan engines to produce sound spectra as func- 
tions of frequency and polar directivity angle. 


The ICAO reference method utilizes a different spectral distribution 
function F than the Combustion Noise Module. This spectrum function, 
called the "envelope spectrum," is given in table VI and plotted in 
figure 5. 


COMPRESSOR/FAN INTAKE NOISE 

The method for predicting compressor/fan intake noise is based on 
reference 2 by Heidman. This is presented in ANOPP as the Fan Noise 
Module. The method uses empirical functions to predict the sound spectra 
as functions of frequency and polar directivity emgle. 

The ICAO reference method uses the inlet broadband noise, inlet 
rotor-stator interaction tone, and inlet flow-distortion tone components 
from the Fan Noise Module. It is executed once for each of the first two 
stages. If performance data for the second stage are not known, then the 
second stage is taken to be similar to the first stage with the tone 
spectra shifted one 1/3-octave band higher than the first stage. 


COMPRESSOR/FAN DISCHARGE-DUCT NOISE 

The ICAO reference method uses the discharge broadband noise and the 
discharge rotor-stitor interaction tone components of Heidman’s method 
(ref. 2) as presented in the Fan Noise Module. The discharge-duct noise 
IS only computed for bypass/fan engines. The noise is computed for a 
maximum of three stages, and the bypass mass flow is assumed to be the 
total flow. The last three stages are used if possible. If performance 
data are not available for a given stage, it can be assumed to be similar 
to the preceding stage with the tone spectra shifted one 1/3-octave band 
higher. Tone levels should be reduced by 5 dB if a core/bypass mixer or 
null tielement silencer is used. 
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TURBINE NOISE 


The method for predicting turbine noise is the vortex cooponent of 
the Smith and Bushell method (ref. 3). This is presented in ANOPP as 
the Smith and Bushell Turbine Noise Module. The me thod uses empirical 
functions to predict sound spectra as functions of frequency and polar 
directivity angle. The ICAO reference method requires no changes of the 
Smith and Bushell Turbine Noise Module. 


AIRFRAME NOISE 

The me^diod for predicting airframe noise is based on the FAA report 
by Fink (ref. 4) . This is presented in ANOPP as the Airframe Noise 
Module. The metnod uses empirical and assiimed functions to predict sound 
spectra as functions of frequency , polar directivity angle, and azimuthal 
directivity angle. The ICAO reference method requires no changes in the 
Airframe Noise Module. 


ATMOSPHERIC ABSORPTION 

The atmospheric- cibsorption method selected for the ICAO reference 
procedure is that of SAE ARP 866A (lef . 5) . This method has been incor- 
porated into the Atmospheric Absorption Module in ANOPP. The SAE aUbsorp- 
tion method is similar in procedure to the American National Standards 
Institute (ANSI) method contained in the module. The equations that fol- 
low directly replace the corresponding equations for the ANSI method, 
using the same nomenclature as the Atmospheric Absorption Module. 

The sum of the absorption coefficients due to classical and molecular 
rotational effects is given by 


cl 


a ^ = 6.30 ^ 10 
rot 


,-9 


it/c) 




^ + 0.3713 


f 

* 

P 


( 2 ) 


where at is the absorption coefficient in nepers per unit length as 
defined in the Atmospheric Absorption Module. The sum of the vibrational 
relaxation absorption coefficients for nitrogen and oxygen is given by 


vib, n 


vib,o 


= 9.20 


10"‘* (f/Cp) 




(3) 


where the parameter X is given by 


X = 4.05h, 


,-1/2 (T*-l) ((T*-l) :41.9(T*-l)-11.5]^-7.62) 


(4) 
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and Y(X) is the vibrational absorption function given in table VII. 
In equation (4) . the relative humidity h^ can be expressed in terms 
of the absolute humidity h^ as 


^^(8. 4256-10. 1995/T*-4. 922 log^o T*) (5) 


The total absorption coefficient is the sum of equations (2) and (3) 
Then, the average dimensionless absorption coefficient is determined fol- 
lowing the same procedure as the ANSI standard method. 


PROPAGATION 

Propagation of the sound spectra to the observer is accomplished by 
the Propagation Module. The tasks performed include spherical spreading, 
atmospheric absorption, and ground reflection and attenuation. The 
standard SAE atmospheric- absorption model as presented in SAE ARP S'^SA 
(ref. 5) is used. Ground reflection and attenuation is modeled by adding 
2 dB to the free-field levels for a 1.2-m microphone height. The desired 
noise levels, including perceived noise level (PNL) and tone-corrected 
perceived noise level, are computed by the Noise Levels Module. Finally, 
the effective perceived noise level (EPNL) is computed by the Effective 
Noise Module. 


SUPPRESSION 

A variety of techniques have been developed for the suppression of 
aircraft engine noise, including acoustic lining, flow mixers, and 
silencing nozzles. The effects of noise suppression are accounted for in 
ANOPP by c-he General Suppression Module. This module takes a table of the 
suppression factor for a particular suppressor type as a function of fre- 
quency, polar directivity angle, and azimuthal directivity angle and 
multiplies each element of the appropriate noise-module output table. 

The ICAO prediction subcommittee provided recomnended techniques for 
quantifying the effects of suppression on each noise-source component. 
These methods are presented below for implementation by the user. Alter- 
nate techniques for estimating suppressor effects may also be used. 


Jet-Noise Suppression 

The ICAO Jet Suppressor Subgroup has produced a recommended technique 
for quantifying all types of jet-noise suppression. The suppression 
factor S is defined as follows: 


<p2>* = S<p2> 

sup 
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where is the unsuppressed mean*square acoustic pressure. The 

expression for the jet-noise suppression factor is 

, 0-l(l+AS)S„axD(9) 

S » 10 (7) 


The inaxirauni suppression for any kind of jet- noise suppressor has 

been correlated with gross performance loss. The data of as a 

function of gross thrust loss AT through use of the suppression tech- 
nique are given in table VIII and plotted in figure 6. The following 
three curves are presented: Pre-1972 technology, latest projected 

technology, and a reconsnendation for parametric studies. A jet- velocity- 
suppression correction factor AS must be multiplied with 
incorporate the effects of the magnitude of the jet velocity. The value 
of As as a function of the jet ve-.-city Vj is given in table IX and 
plotted in figure 7. Finally, a directivity function D(0), as given in 
table X, must be applied. 


Shock-Noise Suppression 

The jet-noise suppression factor is applied to the shock noise with 
no modifications. 


Core-Noise Suppression 

The core noise is assumed to be attenuated 3.3 dB/m (1.0 dB/ft5 of 
Lq 

acoustic liner (S = 0.469 where is the length of the liner in 

meters) . The liner should be designed for low-frequency attenuation. 


Turbine-Noise Suppression 

Any liner designed to produce core-noise suppression will suppress 
turbine noise by the same amount. In addition, an acoustic lining 
designed to reduce high-frequency turbine noise will attenuate turbine 
noise by 9.8 dB/m (3.0 dB/ft) . Therefore, the total suppression factor S 
Lc ^h 

is (0.469) '' (0.103) \ where and are the lengths of each type 

of liner in meters. The total turbine-noise suppression should be limited 
to 20.0 dB. 


Inlet-Noise Suppression 

The compressor/fan intake noise is reduced 10 dB for each fan diam- 
eter of equivalent length of effective wall lining (S = 0.100^^^). It is 
suggested that the overall reduction be limited to 10.0 dB. 
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Bypass-Duct- Noise Suppression 

The compressor/ fan discharge duct noise is reduced by 9.8 dB/m 
(3.0 dB/ft) of acoustic treatment on both inner and outer walls 

(S = 0.103^). If only the outer wall is treated, reduce the noise 
6.6 dB/m (2.0 dB/ft) (S » 0.221^) and if only the inner wall is treated, 

reduce the noise 4.9 dB/m (1.5 dB/ft) (S = 0.322^). The bypass-duct 
attenuation should be limited to 15 dB. For bypass ratios greater than 2, 
a maximum attenuation of 10.0 dB is suggested. 


INSTALLATION EFFECTS 

The interaction of the engines and airfr«une and the engine location 
affect the noise radiated from the aircraft. These de' ' ations from the 
point source model are often referred to as installati effects. The 
ICAO prediction subcommittee recofomended a 2.0-dB increase in the total 
engine noise levels to account for installation effects likely on a new 
SST. 
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TAliLt II.- RESULTS OF TRIAL SST PREDICTIONS 
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TABLE III.- FORWAIUJ-VtLLOCITY INDEX m{0) 


9, 

m(0) 

deg 

0.000 

0.000 

10.000 

0.000 

20.000 

0.000 

30.000 

0.000 

^ 0.000 

0.000 

30.000 

0.000 

60.000 

0.000 

70.000 

0.000 

ao.ooo 

0.000 

90.000 

.100 

100.000 

.400 

110.000 

.900 

120.000 

1.700 

130.000 

2.900 

1 ^ 0.000 

4.200 

150.000 

5.400 

160.000 

6.700 

170.000 

3.000 

180.000 

9.300 
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TABLE IV.- NORMALIZED SPECTRAL DISTRIBUTION FACTOR -10 
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TABLE IV.- Continued 
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table IV.- Continued 
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TABLE IV.- Concluded 
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TABLE VII 


MOLECULAR VIBRATIONAL ABSORPTION FUNCTION 


FOR SAE ATMOSPHERIC ABSORPTION METH(» 


X 

Y ( X ) 

0.00 

0.000 

.25 

.315 

.50 

.700 

.60 

,840 

.70 

.930 

.80 

.975 

.90 

.996 

1.00 

1.000 

1.10 

.970 

1.20 

.900 

1.30 

.840 

1.50 

-750 

1.70 

.670 

2.00 

.570 

2.30 

.495 

2.50 

.450 

2.80 

.400 

3.00 

.370 

3.30 

.330 

3.60 

.300 

4.15 

.260 

4.45 

.245 

4.80 

.230 

5.25 

.220 

5.70 

.210 

6.05 

.205 

6.50 

.200 

7.00 

-200 

10.00 

.200 
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TABLE VIII.- MAXIMUM JET-NOISE SUPPRESSION FACTOR 


I 


AT, 

percent 


Demons txated 
pre-1972 
technology 

Recommended 

for 

parametric 

studies 

Latest 

technology 

1«000 

0.000 

0.000 

0.000 

2.000 

2.200 

3.600 

5.100 

4.000 

4.600 

6.200 

10.400 

6.000 

6.000 

9.300 

13.400 

6.000 

7.000 

10.800 

15.700 

10.000 

7.600 

11.900 

17.300 

12.000 

8.400 

12.800 

18.600 

14.000 

6.800 

13.700 

19.600 

16.000 

9.200 

14.400 

20.800 

16.000 

9.600 

15.000 

21.700 

20.000 

1 10.000 

15.400 

22.600 


TABLE IX.- JET-NOISE SUPPRESSION FACTOR 
VELOCITY CORRECTION 


* 

V . 

As 

0.000 

- 1.000 

1.070 

- 1.000 

1.250 

-.800 

1.430 

-.600 

1.610 

-.400 

1.790 

-.200 

1.970 

0.000 

3.000 

o.oco 
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TABLE X.- DIRECTIVITY FUNCTION FOR 
JET-NOISE SUPPRESSION 


e. 

deg 

D(0) 


0 

60 

.3 

80 

.5 

100 

.7 

120 

1.0 

>120 

1.2 
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Figure 1.- Overall match of prediction by reference procedure with measurements. 
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spectral Distribution Level. 10 log,g F Spectral Distribution Level, 10 log,g F 


1 




Figure 3.- Normalized spectral distribution factor. 
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Spectral Distribution Level. 10 log,„ F Spectrol Distribution Level. 10 log,, F 




1 ^ L I I I 

-2.0 -1.5 -1.0 -.5 O .5 1.C 

Corrected Strouhal Number, logi^ 


(b) T./T^ = 2.0; V* « 0.3. 

Figure 3.- Continued. 
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Spectrol Distribution Lsvsi. 10 log,g F Spsctrol Distribution Lsvd, 10 log,, F 



Corrected Strouhal Number, log,^ S. 



Corrected Strouhol Number, log,^ S. 


(c) T^/T^ = 2.5; log^^ V* * 0.3. 

Figure 3.- Continued. 
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Spectral Distr 




Figure 3.- Continued. 
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Spectral DIetributlon Level. 10 log,o F Spectral Distribution Level. 10 log,, F 
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Envi'lopo spectrum for combustion noise. 
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Fiyuro 6.- The maximum jet-noise 



